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Abstract
In general line with our first work [1] within the framework of semiclassical approxima-
tion a general theory for the scattering processes of soft (anti)quark excitations off hard
thermal particles in hot QCD-medium is thoroughly considered. The dynamical equa-
tions describing evolution for the usual classical color charge Qa(t) and Grassmann color
charges θi(t), θ†i(t) of hard particle taking into account the soft fermion degree of free-
dom of the system are suggested. On the basis of these equations and the Blaizot-Iancu
equations iterative procedure of calculation of effective currents and sources generating
the scattering processes under consideration is defined and their form up to third order
in powers of free soft quark field, soft gluon one, and initial values of the color charges
of hard particle is explicitly calculated. With use of the generalized Tsytovich princi-
ple a connection between matrix elements of the scattering processes and the effective
currents and sources is established. In the context of the effective theory suggested for
soft and hard fermion excitations new mechanisms of energy losses of high-energy parton
propagating through QCD-medium are considered.
∗e-mail:markov@icc.ru
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1 Introduction
In the second part of our work we proceed with our analysis of dynamics of fermion
excitations in hot QCD-medium at the soft momentum scale, started in [1] (to be referred
to as “Paper I” throughout this text) in the framework of the hard thermal loop effective
theory. Here we focus our research on study of the scattering processes of soft quark
plasma excitations off hard thermal (or external) particle within real time formalism based
on Boltzmann type kinetic equations for soft quark, antiquark and gluon modes. This
problem has been already discussed earlier in our work [2] in somewhat other technique of
calculation than presented here. In this work we consider this problem in great detail and
by systematic way using the technique of construction of effective currents and sources
generating the scattering processes we are interested in.
Our approach is based on the complete system of dynamical equations derived by
Blaizot and Iancu [3] complemented by the Wong equation [4] describing a change of
the classical color charge Q = (Qa), a = 1, . . . , N2c − 1 of hard color-charged particle
and by the dynamical equations for the Grassmann color charges θ = (θi) and θ† =
(θ†i), i = 1, . . . , Nc for the first time proposed in the papers [5]. The use of the last
equations from above-mentioned ones is the main new ingredient of the effective theory
for nonlinear interaction of hard and soft modes in a hot quark-gluon plasma developed in
the present work. Introduction in consideration of the Grassmann color charges of hard
particle on the equal footing with usual color charge enables us to enter a so-called color
(Grassmann) source of a spin-1/2 hard particle along with classical color current. We add
this Grassmann source to the right-hand side of the Dirac equation for soft-quark field
just as we add the usual color current of hard particle to the right-hand side of the Yang-
Mills equation [6]. This allows us to obtain closed self-consistent description of nonlinear
interaction dynamics of soft and hard excitations both Fermi and Bose statistics (within
the framework of semiclassical approximation).
Unfortunately, Wong’s equation and equations for the Grassmann charges in that
form as they have been derived in original works [4, 5] are insufficient for obtaining
complete and gauge-invariant expressions for matrix elements of the scattering processes
under consideration. The reason of this is that these equations have been obtained on
the assumption that there exists only (regular and/or stochastic) gluon field Aaµ(x) in
the system. In this work, we suggest a minimal extension of these equations to the
case of the presence of soft (stochastic) quark field ψiα(x) in system. These generalized
equations generate new gauge-covariant additional color currents and sources of the hard
test particle, which we add to the right-hand side of the corresponding field equations.
In this case only we are able to calculate complete and gauge-covariant expressions for
effective currents and sources generating the scattering processes of soft quark excitations
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off hard particle.
We apply the current approach to study of the propagating a high energy parton (gluon
or quark) through the hot QCD-medium and energy losses associated with this motion.
We show that the account of an existence in the medium of soft excitations obeying Fermi
statistics results in appearance of new channels for energy losses and write out complete
explicit expressions determining the energy losses to the first orders in interaction with
soft stochastic fields of the plasma. As a special case we have obtained the expression for
so-called polarization losses caused by large distance ‘inelastic’ collisions under which a
type of initial hard parton changes. This expression supplements well-known expression
for the polarization losses caused by large distance ’elastic’ scattering [7].
The paper II is organized as follows. In Section 2, preliminary comments with regard
to derivation of a system of the Boltzmann equations describing a change of the number
densities for soft quark and soft gluon excitations due to their scattering off hard thermal
partons of medium are given. In Section 3, the self-consistent system of the nonlinear
integral equations for the gauge potential Aaµ(k) and quark wave function ψ
i
α(q) taking
into account presence in the system of color current and color Grassmann source of hard
test particle is written out. On the basis of perturbative solutions of these equations
the notions of the effective currents and sources are introduced. In Section 4, examples
of calculation of the simplest effective currents and sources are given. It is shown that
some of the expressions obtained are either incomplete or gauge-noncovariant. In Section
5, the more general expressions of dynamical equations describing a change of the usual
color charge Qa(t) and the Grassmann color charges θi(t), θ†i(t) of the hard test particle
on interaction of the last one with both soft gluon and soft quark fluctuation fields of
system are suggested. On the basis of these equations it is determined all necessary
additional color currents and sources allowing to derive complete and gauge covariant
expressions for the effective currents and sources at least up to third order in powers
of free soft gluon field A(0)aµ (k), free soft quark field ψ
(0)i
α (q), and initial value of the
color charges Qa0, θ
i
0 and θ
†i
0 . In Sections 6 and 7, and Appendices B, D, and E, the
explicit examples of such calculations are given. In Section 8, due to the Tsytovich
correspondence principle the effective currents and sources derived in previous sections are
used for calculation of the matrix elements of the scattering processes under consideration.
Section 9 is concerned with analysis of a structure of simplest scattering probability of
plasmino by hard particle. Here a problem of generalization of results obtained for the case
when hard test parton is in a partial polarization state is also considered. In Section 10 we
deal with definition of semiclassical expressions for energy losses of energetic color particle
propagating through hot quark-gluon plasma taking into account the scattering processes
off soft-plasma excitations carrying a half-integer spin. In particular an expression for
the polarization losses induced by large distance collisions with a change of statistics of
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energetic particle is given.
In Sections 11 and 12, thoroughly the so-called ’non-diagonal’ contributions to the
energy losses are analyzed and conditions for cancellation of off mass-shell singularities of
complete expressions for the energy losses are written out. In Conclusion some features
of dynamics of soft and hard excitations of Fermi and Bose statistics considered in this
work are briefly discussed. Finally, in Appendix A we give an explicit form for the action
varying which one obtains the equation of motion for color charge of hard test parton
and also the soft gluon and quark field equations. In Appendix C origin of singularity
generated by classical soft-quark and soft-gluon one-loop corrections (Section 7) to the
effective currents and sources is analyzed and in Appendix F all formulae of the paper [2]
necessary for analysis of a structure of the simplest scattering probability are given.
2 Preliminaries
As was mentioned in Introduction in this paper we consider a change of the number
densities of colorless soft-quark n± ijq = δ
ijn±q , soft-antiquark n¯
± ij
q = δ
ijn¯±q , and soft-
gluon N t, l abk = δ
abN t, lk excitations as a result of their scattering off hard thermal quarks,
antiquarks and hard transverse gluons. Hereafter, we denote momenta of the soft-quark
fields by q, q′, q1, . . ., momenta of the soft-gauge fields by k, k
′, k1, . . . , and momenta of
the hard thermal particles by p, p ′, . . . .
We expect that a time-space evolution of scalar functions n(f)q , f = ± and N
(b)
k , b = t, l
will be described by a self-consistent system of kinetic equations
∂n(f)q
∂t
+ v(f)q ·
∂n(f)q
∂x
= −n(f)q Γ
(f)
d [n
±
q , N
t, l
k , f
G,Q
p ] +
(
1− n(f)q
)
Γ
(f)
i [n
±
q , N
t, l
k , f
G,Q
p ] (2.1)
≡ −C(f)[n±q , N
t, l
k , f
G,Q
p ],
∂N
(b)
k
∂t
+ v
(b)
k ·
∂N
(b)
k
∂x
= −N
(b)
k Γ
(b)
d [n
±
q , N
t, l
k , f
G,Q
p ] +
(
1 +N
(b)
k
)
Γ
(b)
i [n
±
q , N
t, l
k , f
G,Q
p ] (2.2)
≡ −C(b)[n±q , N
t, l
k , f
G,Q
p ],
where v(f)q = ∂ω
(f)
q /∂q, v
(b)
k = ∂ω
(b)
k /∂k are the group velocities of soft fermionic and
bosonic excitations and fGp ≡ f
G(p, x), fQp ≡ f
Q(p, x) are distribution functions of hard
thermal gluons and quarks, which in general case obey own kinetic equations. Here for
the sake of brevity we drop a dependence on soft and hard antiquark occupation numbers
n¯±q and f
Q¯
p on the right-hand side of Eqs. (2.1) and (2.2). The equation for n¯
(f)
q is obtained
from (2.1) by replacement n(f)q ⇀↽ (1− n¯
(f)
q ).
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We present, as it usually is, decay and regenerating rates in the form of the functional
expansion in powers of the soft-(anti)quark and soft-gluon number densities
Γ
(f, b)
d [n
±
q , N
t, l
k , f
G,Q
p ] =
∞∑
n=1
Γ
(f, b)(2n+1)
d [n
±
q , N
t, l
k , f
G,Q
p ], (2.3)
Γ
(f, b)
i [n
±
q , N
t, l
k , f
G,Q
p ] =
∞∑
n=1
Γ
(f, b)(2n+1)
i [n
±
q , N
t, l
k , f
G,Q
p ],
where Γ
(f, b)(2n+1)
d, i [n
±
q , N
t, l
k , f
G,Q
p ] collect the contributions of the total nth power in n
±
q , n¯
±
q ,
and N t, lk . As well as in a case of the nonlinear interaction of soft fermion and soft
boson excitations among themselves (Paper I), the general structure of the expressions for
arbitrary n is rather cumbersome and therefore here we write out only in an explicit form
the decay and regenerating rates to lowest order in the nonlinear interaction (n = 0, 1).
The fermion decay rate is written in the form
Γ
(f)
d [n
±
q ,N
t, l
k , f
G,Q
p ] =
∫
dp
(2π)3
[
fGp
(
1− fQp′
)
+ f Q¯p
(
1 + fGp′
)]
(2.4)
×
{ ∑
b= t, l
∫
dT (f ; b)q→g w
(f ; b)
q→g(p|q;k)
(
1 +N
(b)
k
)
+
∑
b1, b2 = t, l
[ ∫
dT (f ; b1b2)q→gg w
(f ; b1b2)
q→gg (p|q;k1,k2)
(
1 +N
(b1)
k1
)(
1 +N
(b2)
k2
)
+
∫
dT (fb1; b2)qg→g w
(fb1; b2)
qg→g (p|q,k1;k2)N
(b1)
k1
(
1 +N
(b2)
k2
) ]
+
∑
f1, f2 =±
[ ∫
dT
(f ; f1f2)
q→q¯1q2 w
(f ; f1f2)
q→q¯1q2 (p|q;q1,q2)
(
1− n¯(f1)q1
)(
1− n(f2)q2
)
+
∫
dT (ff1; f2)qq1→q2 w
(ff1; f2)
qq1→q2
(p|q,q1;q2)n
(f1)
q1
(
1− n(f2)q2
) ]}
+ . . .
+
∑
ζ=Q, Q¯,G
∫
dp
(2π)3
[
f (ζ)p
(
1 + f
(ζ)
p′′
)] { ∑
f1=±
∫
dT (f ; f1)q→q w
(ζ)(f ; f1)
q→q (p|q;q1)
(
1− n(f1)q1
)
+
∑
b= t, l
∑
f1=±
[ ∫
dT (f ; bf1)q→gq1 w
(ζ)(f ; bf1)
q→gq1 (p|q;k,q1)
(
1 +N
(b)
k
)(
1− n(f1)q1
)
+
∫
dT (fb; f1)qg→q1 w
(ζ)(fb; f1)
qg→q1 (p|q,k;q1)N
(b)
k
(
1− n(f1)q1
)
+
∫
dT
(ff1; b)
qq¯1→g w
(ζ)(ff1; b)
qq¯1→g (p|q,q1;k)
(
1 +N
(b)
k
)
n¯(f1)q1
]}
+ . . . .
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The fermion regenerating rate is
Γ
(f)
i [n
±
q ,N
t, l
k , f
G,Q
p ] =
∫ dp
(2π)3
[
fQp′
(
1 + fGp
)
+ fGp′
(
1− f Q¯p
)]
(2.5)
{ ∑
b= t, l
∫
dT (f ; b)q→g w
(f ; b)
q→g (p|q;k)N
(b)
k +
∑
b1, b2 = t, l
[ ∫
dT (f ; b1b2)q→gg w
(f ; b1b2)
q→gg (p|q;k1,k2)N
(b1)
k1
N
(b2)
k2
+
∫
dT (fb1; b2)qg→g w
(fb1; b2)
qg→g (p|q,k1;k2)
(
1 +N
(b1)
k1
)
N
(b2)
k2
]
+
∑
f1, f2 =±
[ ∫
dT
(f ; f1f2)
q→q¯1q2 w
(f ; f1f2)
q→q¯1q2 (p|q;q1,q2) n¯
(f1)
q1
n(f2)q2
+
∫
dT (ff1; f2)qq1→q2 w
(ff1; f2)
qq1→q2 (p|q,q1;q2)(1− n
(f1)
q1
)n(f2)q2
]}
+ . . .
+
∑
ζ=Q, Q¯,G
∫
dp
(2π)3
[
f
(ζ)
p′′
(
1 + f (ζ)p
)]{ ∑
f1=±
∫
dT (f ; f1)q→q w
(ζ)(f ; f1)
q→q (p|q;q1)n
(f1)
q1
+
∑
b= t, l
∑
f1=±
[ ∫
dT (f ; bf1)q→gq1 w
(ζ)(f ; bf1)
q→gq1
(p|q;k,q1)N
(b)
k n
(f1)
q1
+
∫
dT (fb; f1)qg→q1 w
(ζ)(fb; f1)
qg→q1
(p|q,k;q1)
(
1 +N
(b)
k
)
n(f1)q1
+
∫
dT
(ff1; b)
qq¯1→g w
(ζ)(ff1; b)
qq¯1→g (p|q,q1;k)N
(b)
k
(
1− n¯(f1)q1
) ]}
+ . . . .
Here, for brevity we have used a somewhat symbolical denotation. We have taken out fac-
tors
[
fGp (1− f
Q
p′) + f
Q¯
p (1 + f
G
p′)
]
,
[
f (ζ)p ( 1 + f
(ζ)
p′′ )
]
etc. as the general multipliers. However
it is necessary to mean that they differ for each term in braces by values of momenta p′
and p′′. Thus, for example, for terms linear in N
(b)
k and n
(f)
q respectively it is necessary to
mean p′ ≡ p+q−k, p′′ ≡ p+q−q1. Furthermore for the terms quadratic in N
(b)
k and n
(f)
q
it is necessary to mean p′ ≡ p+q−k1−k2 (or p
′ ≡ p+q−q1−q2), p
′′ ≡ p+q−k−q1
and so on. The function w (f ; b)q→g (p|q;k) defines a probability of two processes: (1) the
process of absorption of soft-quark excitation with frequency ω(f)q (and momentum q) by
hard thermal gluon1 with consequent conversion of the latter into hard thermal quark
and radiation of soft-gluon excitation with frequency ω
(b)
k (and momentum k) and (2)
the process of annihilation of soft-quark excitation with hard thermal antiquark into soft-
gluon excitation and hard transverse gluon. In other words, this probability defines the
scattering processes of ‘inelastic’ type
q +G→ g +Q, q + Q¯→ g +G,
1In the subsequent discussion hard thermal particles of plasma undergoing the scattering processes off
soft excitations, will be called also test particles.
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where q, g are plasma collective excitations and G, Q and Q¯ are excitations with typical
momenta of temperature order T and above. Furthermore, the function w (ζ)(f ; f1)q→q (p|q;q1)
defines a probability for an ‘elastic’ scattering of soft-quark excitation off hard thermal
quark, antiquark, and gluon:
q +Q→ q +Q, q + Q¯→ q + Q¯, q +G→ q +G.
The functions w (f ; b1b2)q→gg (p|q;k1,k2), w
(f ; f1f2)
q→q¯1q2 (p|q;q1,q2), w
(ζ)(f ; bf1)
q→gq1
(p|q;k,q1), and
so on define probabilities of more complicated scattering processes connected with an
interaction of three soft plasma waves with a hard test particle. Thus the first two of
them are the scattering probabilities for the processes of type
q +G→ g + g +Q, q + Q¯→ g + g +G,
q +G→ q¯1 + q2 +Q, q + Q¯→ q¯1 + q2 +G
correspondingly, and the third function is the scattering probability for the processes of
type
q +G→ q1 + g +G, q +Q→ q1 + g +Q, q + Q¯→ q1 + g + Q¯.
Let us specially emphasize that in the first case the type of the hard particle changes and
in the second one it doesn’t. Such a division of the probabilities will take place to all
orders of nonlinear interaction of soft and hard modes. This is reflected in particular in
our notation of generalized rates (2.4) and (2.5).
The phase-space measures for these processes are
∫
dT (f ; b)q→g =
∫ dk
(2π)3
2π δ
(
Ep + ω
(f)
q − Ep+q−k − ω
(b)
k
)
, (2.6)
∫
dT (f ; f1)q→q =
∫
dq1
(2π)3
2π δ
(
Ep + ω
(f)
q − Ep+q−q1 − ω
(f1)
q1
)
,
∫
dT (f ; b1b2)q→gg =
∫
dk1
(2π)3
dk2
(2π)3
2π δ
(
Ep + ω
(f)
q − Ep+q−k1−k2 − ω
(b1)
k1
− ω
(b2)
k2
)
,
∫
dT
(f ; f1f2)
q→q¯q =
∫ dq1
(2π)3
dq2
(2π)3
2π δ
(
Ep + ω
(f)
q − Ep+q−q1−q2 − ω
(f1)
q1
− ω(f2)q2
)
,
∫
dT (f ; bf1)q→gq =
∫ dk
(2π)3
dq1
(2π)3
2π δ
(
Ep + ω
(f)
q −Ep+q−k−q1 − ω
(b)
k − ω
(f1)
q1
)
,
etc. Here Ep ≡ |p| for massless hard gluons and (anti)quarks. The δ-functions in
Eqs. (2.6) represent the energy conservation for the scattering processes under consid-
eration.
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We particularly note that for generalized decay and regenerated rates (2.4) and (2.5) it
was assumed that the scattering probabilities satisfy symmetry relations over permutation
of incoming and outgoing soft quark and gluon momenta. For the simplest probabilities,
e.g., we have
w (f ; b)q→g (p|q;k) = w
(b; f)
g→q (p|k;q), w
(ζ)(f ; f1)
q→q (p|q;q1) = w
(ζ)(f1; f)
q→q (p|q1;q). (2.7)
These relations are a consequence of more general relations for exact scattering probabil-
ities depending on initial and final values of momenta of hard particles, namely,
w (f ; b)q→g (p, p
′|q;k) = w (b; f)g→q (p
′, p|k;q), w (ζ)(f ; f1)q→q (p,p
′′|q;q1) = w
(ζ)(f1; f)
q→q (p
′′,p|q1;q).
They present detailed balancing principle in scattering processes and in this sense they
are exact. The scattering probabilities in Eqs. (2.4), (2.5) are obtained by integrating
initial probabilities over p′ or p′′ with regard to momentum conservation law:
w (f ; b)q→g (p|q;k)2π δ(Ep + ω
(f)
q −Ep+q−k − ω
(b)
k )
=
∫
w (f ; b)q→g (p, p
′|q;k)2π δ(Ep + ω
(f)
q − Ep′ − ω
(b)
k )(2π)
3δ(p+ q− p′ − k)
dp′
(2π)3
,
w (ζ)(f ; f1)q→q (p|q;q1)2π δ(Ep + ω
(f)
q − Ep+q−q1 − ω
(f1)
q1
)
=
∫
w (ζ)(f ; f1)q→q (p, p
′′|q;q1)2π δ(Ep + ω
(f)
q − Ep′′ − ω
(f1)
q )(2π)
3δ(p+ q− p′′ − q1)
dp′′
(2π)3
.
The scattering probabilities obtained satisfy relations (2.7) in the limit of interest to us,
i.e., when we neglect by (quantum) recoil of hard particles. In the general case expressions
(2.7) are replaced by more complicated ones (see, e.g., Ref. [6], Section 10).
For the boson sector of plasma excitations the generalized rates Γ
(b)
d and Γ
(b)
i to lowest
order in the nonlinear interactions of soft and hard modes have a similar structure. For
this reason, their explicit form is not given here.
Taking into account that in semiclassical approximation we have |p| ≫ |k|, |q|, |q1|, . . . ,
the energy conservation laws can be represented in the form of the following resonance
conditions:
ω(f)q − ω
(b)
k − v · (q− k) = 0 , ω
(f)
q − ω
(f1)
q1
− v · (q− q1) = 0, (2.8)
ω(f)q − ω
(b1)
k1
− ω
(b2)
k2
− v · (q− k1 − k2) = 0,
ω(f)q − ω
(f1)
q1
− ω(f2)q2 − v · (q− q1 − q2) = 0,
ω(f)q − ω
(b)
k − ω
(f1)
q1
− v · (q− k− q1) = 0,
and so on. Here, v = p/|p| is a velocity of the hard test particle.
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In subsequent discussion for the sake of simplicity of the problem we suppose that a
characteristic time for nonlinear relaxation of the soft oscillations is much less than a time
of relaxation of the distribution of hard partons fGp , f
Q
p and f
Q¯
p . In other words under
the conditions when the intensity of soft plasma excitations are sufficiently small and
they cannot essentially change such ‘crude’ equilibrium parameters of plasma as particle
density, temperature, and thermal energy, we can neglect by a space-time change of the
distribution functions of hard partons assuming that these functions are specified and
describe the global (baryonfree) equilibrium state of hot non-Abelian plasma
fGp = 2
1
eEp/T − 1
, fQ(Q¯)p = 2
1
eEp/T + 1
.
Here the coefficient 2 takes into account that hard gluon and hard (anti)quark have two
helicity states.
In Section 8 for determining an explicit form of the required probabilities we need
in some specific approximation of collision terms. We use the fact that the occupation
numbers N (b)p are more large than one, i.e., 1 +N
(b)
p ≃ N
(b)
p . Furthermore, we present the
integration measure as ∫ dp
(2π)3
=
∫ |p|2 d|p|
2π2
∫ dΩv
4π
,
where the solid integral is over the directions of unit vector v. Setting fGp′ ≃ f
G
p , f
Q(Q¯)
p′ ≃
fQ(Q¯)p and also 1 ± f
G,Q(Q¯)
p ≃ 1 ± f
G,Q(Q¯)
p′ ≃ 1 by virtue of f
G,Q(Q¯)
p , f
G,Q(Q¯)
p′ ≪ 1, in the
limit of vanishing fermion intensity n(f)q → 0 we have the following expression for collision
term C(f)[n±q , N
t, l
k , f
G,Q
p ]:
C(f)[n±q , N
t, l
k , f
G,Q
p ] ≃ −
∫
|p|2 d|p|
2π2
[
fQp + f
G
p
] ∫ dΩv
4π
{ ∑
b= t, l
∫
dT (f ; b)q→g w
(f ; b)
q→g (p|q;k)N
(b)
k
+
∑
b1, b2 = t, l
∫
dT (f ; b1b2)q→gg w
(f ; b1b2)
q→gg (p|q;k1,k2)N
(b1)
k1
N
(b2)
k2
(2.9)
+
∑
f1, f2 =±
∫
dT
(f ; f1f2)
q→q¯1q2 w
(f ; f1f2)
q→q¯1q2 (p|q;q1,q2)n¯
(f1)
q1
n(f2)q2 + . . .
}
−
∑
ζ=Q, Q¯, G
∫
|p|2 d|p|
2π2
f (ζ)p
∫
dΩv
4π
{ ∑
f1 =±
∫
dΩv
4π
∫
dT (f ; f1)q→q w
(ζ)(f ; f1)
q→q (p|q;q1)n
(f1)
q1
+
∑
b= t, l
∑
f1=±
∫
dT (f ; bf1)q→gq1 w
(ζ)(f ; bf1)
q→gq1
(p|q;k,q1)N
(b)
k n
(f1)
q1
+ . . .
}
.
The kinetic equation (2.1) with collision term in the form of (2.9) defines a change of
the soft-quark number density n(f)q caused by so-called spontaneous scattering processes
of soft-quark excitations off hard thermal partons.
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3 Soft-field equations
We consider SU(Nc) gauge theory with nf flavors of massless quarks. The color indices
for the adjoint representation a, b, . . . run from 1 to N2c − 1 while ones for the fundamen-
tal representation i, j, . . . run from 1 to Nc. The Greek indices α, β, . . . for the spinor
representation run from 1 to 4.
In this section we discuss the equations of motion for soft-gluon and soft-quark plasma
excitations, which will play a main role in our subsequent discussion. We have already
written out these equations in Paper I (Eqs. (I.3.1), (I.3.2)). Here they should be corre-
spondingly extended to take into account the presence of a color current caused by hard
test particle passing through the hot QCD plasma.
One expects the world lines of the hard modes to obey classical trajectories in the man-
ner of Wong [4] since their coupling to the soft modes is weak at a very high temperature.
Considering this circumstance, we add the color current of color point charge
jaµQ (x) = gv
µQa(t)δ(3)(x− vt) (3.1)
to the right-hand side of the Yang-Mills field equation (I.3.1). Here, Qa = Qa(t) is a color
classical charge satisfying the Wong equation
dQa(t)
dt
+ igvµAbµ(t,vt)(T
b)acQc(t) = 0, Qa0 = Q
a(t)| t=0 , (3.2)
where vµ = (1,v), (T a)bc ≡ −ifabc and t is a coordinate time. The gauge potential
Abµ(t,x) in Eq. (3.2) is determined on a straight-line trajectory of a hard parton, i.e., at
x = vt. The explicit form of a solution of Eq. (3.2) in the momentum representation is
given in Ref. [6]. Thus we lead to the following integral equation for gauge potential Aaµ(k)
instead of Eq. (I.3.1)
∗D−1µν (k)A
aν(k) = −jA(2)aµ (A,A)(k)− j
A(3)a
µ (A,A,A)(k)− j
Ψ(0,2)a
µ (ψ¯, ψ)(k)
− jΨ(1,2)aµ (A, ψ¯, ψ)(k)− j
(0)a
Qµ (k)− j
(1)a
Qµ (A)(k)− j
(2)a
Qµ (A,A)(k) (3.3)
≡ −jaµ[A, ψ¯, ψ,Q0](k)− j
(0) a
Qµ (k).
On the right-hand side in the expansion of the induced currents jA, jψ and current of
hard color-charged parton we keep the terms up to the third order in interacting fields
and initial value of color charge Qa0. The explicit form of induced currents j
A(2)a
µ , j
Ψ(0,2)a
µ
and jΨ(1,2)aµ in the hard thermal loop (HTL) approximation is defined by Eq. (I.3.3). The
expansion terms of hard parton current have the following structure:
j
(0)aµ
Q (k) =
g
(2π)3
vµQaδ(v · k), (3.4)
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j
(1)aµ
Q (A)(k) =
g2
(2π)3
vµ
∫
1
(v · k1)
(v · Aa1(k1)) δ(v · (k − k1))dk1 (T
a1)abQb0,
j
(2)aµ
Q (A,A)(k) =
g3
(2π)3
vµ
∫
1
(v · (k1 + k2))(v · k2)
(v · Aa1(k1))(v · A
a2(k2))
× δ(v · (k − k1 − k2))dk1dk2 (T
a1T a2)abQb0.
Now we consider the Dirac field equations (I.3.2). To take into account an existence of
current of a test color particle in system it is necessary to put a certain additional terms
into the right-hand side of soft-quark field equations. For determination of an explicit
form of these terms we introduce a Grassmann color charge θi = θi(t) (and conjugate
color charge θ† i = θ† i(t)) of hard particle satisfying the following fundamental equation
proposed in [5]
dθi(t)
dt
+ igvµAaµ(t,vt)(t
a)ijθj(t) = 0, θi0 = θ
i(t)
∣∣∣
t=0
(3.5)
and correspondingly
dθ† i(t)
dt
− igvµAaµ(t,vt)θ
†j(t)(ta)ji = 0, θ† i0 = θ
† i(t)
∣∣∣
t=0
. (3.6)
The Grassmann color charge θi is associated with the usual color charge Qa by relation
Qa(t) = θ† i(t)(ta)ijθj(t). (3.7)
By analogy with classical color current (3.1) we write the following expression for a Grass-
mann color ‘current’ (further called a Grassmann color source) of hard test particle
ηiθα(x) = gθ
i(t)χαδ
(3)(x− vt) (3.8)
and correspondingly its conjugation
η¯iθα(x) = gθ
† i(t)χ¯αδ
(3)(x− vt). (3.9)
Here, χα is a spinor independent of time t. The physical sense of this spinor will be
discussed in the following sections.
Taking into account (3.8) and (3.9), we lead to the nonlinear integral equations for
soft-quark interacting fields ψiα and ψ¯
i
α instead of (I.3.2)
∗S−1αβ (q)ψ
i
β(q) = − η
(1,1) i
α (A,ψ)(q)− η
(2,1) i
α (A,A, ψ)(q)
− η
(0)i
θ α (q)− η
(1)i
θ α (A)(q)− η
(2)i
θ α (A,A)(q) ≡ − η
i
α[A,ψ, θ0](q)− η
(0) i
θ α (q), (3.10)
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ψ¯iβ(−q)
∗S−1βα (−q) = η¯
(1,1) i
α (A
∗, ψ¯)(−q) + η¯(2,1) iα (A
∗, A∗, ψ¯)(−q)
+ η¯
(0)i
θ α (−q) + η¯
(1)i
θ α (A
∗)(−q) + η¯
(2)i
θ α (A
∗, A∗)(−q) ≡ η¯iα[A
∗, ψ¯, θ†0 ](−q) + η¯
(0)i
θ α (−q),
where on the right-hand side in the expansion of induced sources η, η¯ and the Grassmann
test particle sources ηθ, η¯θ, we keep the terms up to the third order in interacting fields
and initial values of the Grassmann color charges θi0, θ
† i
0 . Equations (I.3.4) and (I.3.5)
define an explicit form of induced sources η(1,1) iα , η
(2,1) i
α , . . . in the HTL approximation. By
virtue of identical structure of evolution equations (3.2) and (3.5) by trivial replacements
it is easy to define the expansion terms from (3.4) for the Grassmann source ηiθα in the
momentum representation
η
(0) i
θ α (q) =
g
(2π)3
θi0χαδ(v · q), (3.11)
η
(1) i
θ α (A)(q) =
g2
(2π)3
χα
∫
1
(v · q1)
(v · Aa1(q1)) δ(v · (q − q1)) dq1 (t
a1)ijθj0 ,
η
(2) i
θ α (A,A)(q) =
g3
(2π)3
χα
∫
1
(v · (q1 + q2))(v · q2)
(v · Aa1(q1))(v · A
a2(q2))
× δ(v · (q − q1 − q2)) dq1dq2 (t
a1ta2)ijθj0 .
The expressions for conjugate terms η¯
(s) i
θα , s = 0, 1, 2 can be obtained from (3.11) by rule:
η¯ iθα(−q) = η
† i
θβ(q)γ
0
βα.
Now we rewrite equations (3.3) and (3.10) in the following form:
Aaµ(k) = A
(0)a
µ (k)−
∗Dµν(k)j
(0)aν
Q (k)−
∗Dµν(k)j
aν [A, ψ¯, ψ,Q0](k),
ψiα(q) = ψ
(0)i
α (q)−
∗Sαβ(q) η
(0)i
θ β (q)−
∗Sαβ(q) η
i
β[A,ψ, θ0](q), (3.12)
ψ¯ iα(−q) = ψ¯
(0)i
α (−q) + η¯
(0)i
θ β (−q)
∗Sβα(−q) + η¯
i
β [A
∗, ψ¯, θ†0 ]
∗Sβα(−q),
where A(0)aµ (k), ψ
(0)i
α (q) and ψ¯
i
α(−q) are free-field solutions. The second terms on the right-
hand sides of these equations represent fields induced by a test ‘bare’ particle moving in
the medium. In the weak-field limit the system of the nonlinear integral equations can
be perturbatively solved by the approximation scheme method. Formally, a solution of
system (3.12) can be presented in the following form:
Aaµ(k) = A
(0)a
µ (k)−
∗ Dµν(k)j
(0)aν
Q (k)−
∗ Dµν(k)j˜
aν [A(0), ψ¯(0), ψ(0), Q0, θ
†
0 , θ0 ](k),
ψiα(q) = ψ
(0)i
α (q)−
∗Sαβ(q) η
(0)i
θ β (q)−
∗Sαβ(q) η˜
i
β[A
(0), ψ(0), Q0, θ0](q), (3.13)
ψ¯ iα(−q) = ψ¯
(0)i
α (−q) + ˜¯η
(0)i
θ β (−q)
∗Sβα(−q) + ˜¯η
i
β[A
(0)∗, ψ¯(0), Q0, θ
†
0 ]
∗Sβα(−q).
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Here the functions j˜ aν , η˜ iβ and ˜¯η
i
β represent some new (effective) currents and sources
being functionals of free fields and initial values of color charges. Our main purpose is
calculation of an explicit form of these effective currents and sources.
Unfortunately, as was earlier shown [1] a direct employment of the approximation
scheme method for determination of desired effective currents and sources is very compli-
cated already on the second step of iteration and as a consequence it is ineffective. Here
we use a simpler approach to calculation of effective currents and sources suggested in
our previous works [8, 6, 9, 1]. It is based on the fact that by virtue of the structure of
the right-hand sides of Eqs. (3.12) and (3.13) the following system of equations should be
carried out identically
jaµ[A, ψ¯, ψ,Q0](k) = j˜
a
µ[A
(0), ψ¯(0), ψ(0), Q0, θ
†
0 , θ0 ](k), (3.14)
η iβ [A,ψ, θ0](q) = η˜
i
β[A
(0), ψ(0), Q0, θ0](q), (3.15)
η¯ iβ [A
∗, ψ¯, θ†0 ](−q) = ˜¯η
i
β[A
(0)∗, ψ¯(0), Q0, θ
†
0 ](−q), (3.16)
under the condition that on the left-hand sides of Eqs. (3.14) – (3.16) the interacting fields
Aaµ, ψ
i
α and ψ¯
i
α are defined by expressions (3.13). For deriving an explicit form of the
effective currents and sources we functionally differentiate the right- and left-hand sides
of equations (3.14) – (3.16) with respect to free fields A(0)aµ , ψ
(0)i
α , ψ¯
(0)i
α and initial color
charges Qa0, θ
i
0, and θ
† i
0 considering Eqs. (I.3.3), (3.4), (I.3.4), (I.3.5), (3.11) and so on for
differentiation on the left-hand sides, and set A(0)aµ = ψ
(0)i
α = ψ¯
(0)i
α = Q
a
0 = θ
† i
0 = θ
i
0 = 0
at the end of calculations. In Sections 4, 6, and 7 we will give some examples.
4 Effective currents and sources of lower order
The first simplest effective source arises from second derivative of the source ηiα[A,ψ, θ0](q)
with respect to free soft-quark field ψ(0) and initial usual color charge Q0. Taking into
account Eq. (I.3.4) and the derivative
δAaµ(k)
δQb0
∣∣∣∣∣
0
= −
g
(2π)3
∗Dµν(k)v
νδabδ(v · k), (4.1)
we find
δ2ηiα[A,ψ, θ0](q)
δψ
(0)i1
α1 (q1) δQ
a
0
∣∣∣∣∣
0
=
δ2η˜iα[A
(0), ψ(0), Q0, θ0](q)
δψ
(0)i1
α1 (q1) δQ
a
0
∣∣∣∣∣
0
(4.2)
= −
g2
(2π)3
(ta)ii1 ∗Γ(Q)µαα1 (q − q1; q1,−q)
∗Dµν(q − q1)v
νδ(v · (q − q1)).
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Here and henceforth the symbol “ | 0 ” means that derivatives are taken for values A
(0) =
ψ(0) = ψ¯(0) = Q0 = θ
†
0 = θ0 = 0. Thus in linear approximation in free quark field ψ
(0) and
color charge Q0, we have
η˜(1)iα (ψ
(0), Q0)(q) =
g2
(2π)3
(ta)ii1Qa0
∫
K(Q)αα1(χ, χ¯| q,−q1)ψ
(0)i1
α1
(q1) δ(v · (q − q1))dq1, (4.3)
where the coefficient function in the integrand is
K(Q)αα1(χ, χ¯| q,−q1) ≡ −
∗Γ(Q)µαα1 (q − q1; q1,−q)
∗Dµν(q − q1)v
ν . (4.4)
The effective source (4.3) within the framework of semiclassical approximation generates
the simplest elastic scattering process of soft-quark excitation off the hard test parti-
cle, i.e., the scattering process occurring without change of statistics of soft and hard
excitations (Fig. 1).
Q Q
q q q
G G
1
Q
q
+
Q
+
q
1
q
1
Figure 1: The process of elastic scattering of soft fermion excitation off the hard test particles.
The blob stands for the HTL resummation and the double line denotes hard test particles (G is
a hard gluon, Q (Q¯) is a hard quark (antiquark)).
Furthermore, we calculate the second derivative of the source ηiα[A,ψ, θ0](q) with re-
spect to A(0) and θ0. Taking into account Eq. (3.11), (I.3.4) and derivative
δψiα(q)
δθj0
∣∣∣∣∣
0
= −
g
(2π)3
∗Sαβ(q)χβ δ
ijδ(v · q) (4.5)
after simple calculations, we get
δ2ηiα[A,ψ, θ0](q)
δA
(0)a
µ (k) δθ
j
0
∣∣∣∣∣
0
=
δ2η˜iα[A
(0), ψ(0), Q0, θ0](q)
δA
(0)a
µ (k) δθ
j
0
∣∣∣∣∣
0
=
g2
(2π)3
(ta)ijK(Q)µα (v, χ| k,−q)δ(v · (k − q)),
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where the coefficient function K(Q)µα is defined by the expression
K(Q)µα (v, χ| k,−q) ≡
vµχα
v · q
− ∗Γ
(Q)µ
αβ (k; q − k,−q)
∗Sββ′(q − k)χβ′. (4.6)
Thus we have found one more effective source additional to (4.3) linear in free gauge field
A(0) and the Grassmann color charge θ0
η˜(1)iα (A
(0), θ0)(q) =
g2
(2π)3
(ta)ij θj0
∫
K(Q)µα (v, χ| k,−q)A
(0)a
µ (k) δ(v · (k − q))dk. (4.7)
This effective source generates now somewhat more complicated scattering process of soft-
quark excitation off hard thermal particles bringing into change of statistics of hard and
soft modes. The diagrammatic interpretation of two terms in expression (4.6) is presented
in Fig. 2, where in first line a ‘direct’ channel of scattering is depicted and in the second
one ‘annihilation’ channel is drawn2. For convenience of the further references we write
G Q
q
q
GQ
+
+
q
Q G
Q
q
G
k
k
k
k
Figure 2: The lowest order scattering process of soft fermion excitations off the hard test
particles with a change of statistics of hard and soft excitations.
out also an explicit form of effective source Dirac conjugate to (4.7)
˜¯η
(1)i
α (A
∗(0), θ†0)(−q) =
g2
(2π)3
θ†j0 (t
a)ji
∫
K¯(Q)µα (v, χ¯| k,−q)A
∗(0)a
µ (k) δ(v · (k − q))dk. (4.8)
2In the semiclassical approximation, the first term in coefficient function (4.6) also contains processes,
where the soft gluon is emitted prior to soft-quark absorption. Hereafter for the sake of brevity the
diagrams of these scattering processes will be sequentially omitted.
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Here the coefficient function K¯(Q)µα equals
K¯(Q)µα (v, χ¯| k,−q) =
vµχ¯α
v · q
+ χ¯β′
∗Sβ′β(−q + k)
∗Γ
(Q)µ
βα (−k;−q + k, q). (4.9)
It should be mentioned that in calculating derivatives with respect to the Grassmann
charges θi0 and θ
†i
0 we must consider variables Q
a
0, θ
i
0 and θ
†i
0 as completely independent, in
spite of the fact that there exists relation (3.7). Otherwise in calculating effective currents
and sources we obtain the coefficient functions containing terms of different order in the
coupling constant.
Now we consider derivatives of the current j aν [A, ψ¯, ψ,Q0](k). To lowest order in the
coupling here there exist two nontrivial derivatives linear in free soft-quark fields ψ¯(0), ψ(0)
and the Grassmann charges θi0, θ
†i
0 . The first of them has a form
δ2j aµ[A, ψ¯, ψ,Q0](k)
δψ¯
(0) i
α (−q) δθ
j
0
∣∣∣∣∣
0
=
δ2j˜ aµ[A(0), ψ¯(0), ψ(0), Q0, θ
†
0, θ0 ](k)
δψ¯
(0) i
α (−q) δθ
j
0
∣∣∣∣∣
0
(4.10)
=
g2
(2π)3
(ta)ij ∗Γ
(G)µ
αβ (k; q,−k − q)
∗Sββ′(k + q)χβ′ δ(v · (k + q)).
In deriving the expression we have used Eqs. (I.3.3) and (4.5). Another variation has a
similar structure
δ2j aµ[A, ψ¯, ψ,Q0](k)
δψ
(0)j
α (q) δθ
† i
0
∣∣∣∣∣
0
=
δ2j˜ aµ[A(0), ψ¯(0), ψ(0), Q0, θ
†
0, θ0 ](k)
δψ
(0)j
α (q) δθ
† i
0
∣∣∣∣∣
0
(4.11)
=
g2
(2π)3
(ta)ij χ¯β′
∗Sβ′β(k − q)
∗Γ
(G)µ
βα (k;−k + q,−q) δ(v · (k − q)).
Let us recall that we consider the quark wave functions ψ(0)α and ψ¯
(0)
α as Grassmann
variables similarly to color charges θi0 and θ
† i
0 , i.e., they obey anticommutation relations.
Besides we require in addition fulfilment of rules
{ψ¯(0), θ0} = {ψ
(0), θ†0} = {ψ¯
(0), θ†0} = {ψ
(0), θ0} = 0,
where { , } denotes anticommutator3. Consideration of these relations is important for
obtaining correct signs ahead of the terms in the coefficient functions of the effective
currents and sources.
3In conjunction operation of product of two (and more) anticommutating functions it is necessary to
follow the rule
(ab)† = b†a†,
i.e., a† and b† are rearranged without change of a sign [10].
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It is easy to show that the coefficient functions in the effective sources (4.3) and (4.7)
are gauge invariant if they are determined on mass-shell of soft plasma modes. In the first
case this implies independence of the function (4.4) from a choice of gauge for soft-gluon
propagator. Let us consider in more detail the second case. We convolve function (4.6)
with longitudinal projector u¯µ(k) = k
2uµ−kµ(k ·u) in a covariant gauge. Making use the
effective Ward identity
∗Γ(Q)µ(k; q − k,−q)kµ =
∗S−1(q − k)− ∗S−1(q), (4.12)
we find
u¯µ(k)K
(Q)µ
α (v, χ| k,−q) = k
2
{
χα
v · q
− ∗Γ
(Q)0
αβ (k; q − k,−q)
∗Sββ′(q − k)χβ′
}
(4.13)
− k0
{
χα −
(
∗S−1αβ (q − k)−
∗S−1αβ (q)
)
∗Sββ′(q − k)χβ′
}
.
On mass-shell of soft fermion excitations the equation ∗S−1(q) = 0 is fulfilled and there-
fore, the second term on the right-hand side of Eq. (4.13) vanishes. Furthermore, we
consider a convolution of coefficient function (4.6) with longitudinal projector in the tem-
poral gauge u˜µ(k) = k
2(uµ(k · u) − kµ)/(k · u). The reasonings similar to previous ones
result the convolution u˜µ(k)K
(Q)µ
α |on−shell in the expression, which exactly equals the first
term on the right-hand side of Eq. (4.13). By this means we have shown that at least in
the class of temporal and covariant gauges coefficient function (4.6) is gauge invariant.
If we repeat the same reasonings for coefficient function generated by derivatives (4.10)
(or (4.11)) using the Ward identity for HTL-resummed vertex ∗Γ(G)µ(k; q,−k − q), then
we see that the function is not gauge invariant. The analysis of this fact suggests that for
restoration of gauge symmetry of effective currents it is necessary to add an additional
current to the right-hand side of the Yang-Mills equation (3.3). This current is directly
connected with an existence of spin-half hard partons with the Grassmann color charge.
The next section is concerned with consideration of this problem in more details.
5 Additional color currents and sources
Let us define an additional current, which should be added to the right-hand side of
the Yang-Mills equation in order to restore a gauge invariance of the coefficient function
determined by derivative (4.10) (and also (4.11)). At first we consider this problem in
the coordinate representation. It is clear that this current is to be real, gauge-covariant,
vanishing in the absence of the hard test particle with the Grassmann charge (i.e., for
θ†0 = θ0 = 0). Besides, the current as far as possible should not generate additional terms,
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which not needed for restoration of gauge invariance of coefficient functions in the effective
currents. Let us write out usual color current (3.1) taking into account the relation (3.7)
j aQµ[A](x) = gvµ θ
†i(t)(ta)ijθj(t) δ(3)(x− vt)
and transform this current as follows. We perform the replacements
θ†i(t)→ θ†i(t)
(
≡ θ† i
′
0 U
i′i(t0, t)
)
,
θj(t)→ ig
t∫
t0
U jj
′
(t, τ)
(
χ¯αψ
j ′
α (τ,vτ)
)
dτ,
where U(t, τ) = T exp{−ig
∫ t
τ (v · A
a(τ ′,vτ ′ )) tadτ ′} is the evolution operator in the fun-
damental representation. Furthermore, in the same way we replace in the initial current
θ†i(t)→ − ig
t∫
t0
(
ψ¯i
′
α (τ,vτ)χα
)
U i
′i(τ, t)dτ,
θj(t)→ θj(t)
(
≡ U jj
′
(t, t0)θ
j ′
0
)
and combine together two in such a manner the expressions obtained. As a result we
obtain new color current in the following form:
j aθµ[A, ψ¯, ψ](x) = ig
2vµ
t∫
t0
(
ψ¯i
′
α (τ,vτ)χα
)
U i
′i(τ, t)dτ (ta)ijθj(t) δ(3)(x− vt) (5.1)
− ig2vµ θ
†i(t)(ta)ij
t∫
t0
U jj
′
(t, τ)
(
χ¯αψ
j ′
α (τ,vτ)
)
dτδ(3)(x− vt).
In order to distinguish this current4 from (3.1) we use notation jθ instead of jQ. The
current (5.1) satisfies all properties listed above. Unlike color current (3.1) and color
sources (3.8), (3.9) expression (5.1) explicitly (linearly) depends on interacting soft-quark
fields ψ¯ and ψ. Now we turn to the momentum representation
j aθµ[A, ψ¯, ψ](k) =
∫
eik·xj aθµ[A, ψ¯, ψ](x)
dt
2π
dx
(2π)3
(5.2)
4Note that by using differentiation rule of the link operator U(t, τ), we can represent also current (5.1)
in more compact form
j aθµ[A, ψ¯, ψ](x) = g δ
(3)(x − vt)
×
δ
δAaµ(t,vt)

θ†i0
t∫
t0
U ij(t0, τ)
(
χ¯αψ
j
α(τ,vτ)
)
dτ −
t∫
t0
(
ψ¯iα(τ,vτ)χα
)
U ij(τ, t0)dτ θ
j
0

 .
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and define the first term in expansion of jaθµ in powers of interacting fields A, ψ, ψ¯, and
initial values of the Grassmann color charges θi0, θ
† i
0 . For this purpose in (5.1) we set
θj(t)→ θj0, U
i′i(τ, t)→ δi
′i,
(
ψ¯i
′
α (τ,vτ)χα
)
=
∫
e−i(v·q)τ
(
ψ¯i
′
α (−q)χα
)
dq
and so on. Discarding all terms containing initial time t0, we obtain after simple calcula-
tions
j
(1) a
θµ (ψ¯, ψ)(k) =
g2
(2π)3
vµ
∫ 1
(v · q)
(
ψ¯iα(−q)χα
)
(ta)ijθj0 δ(v · (k + q))dq (5.3)
+
g2
(2π)3
vµ θ
† i
0 (t
a)ij
∫ 1
(v · q)
(
χ¯αψ
j
α(q)
)
δ(v · (k − q))dq.
We add additional current (5.2), (5.1) to the initial one j aµ [A, ψ¯, ψ,Q0](k) on the right-
hand side of field equation (3.3). Taking into account the explicit expression j
(1) a
θµ written
above, we obtain instead of (4.10)
δ2
(
j aµ[A, ψ¯, ψ,Q0](k) + j
aµ
θ [A, ψ¯, ψ](k)
)
δψ¯
(0)i
α (−q)δθ
j
0
∣∣∣∣∣∣
0
=
δ2j˜ aµ[A(0), ψ¯(0), ψ(0), Q0, θ
†
0, θ0 ](k)
δψ¯
(0)i
α (−q)δθ
j
0
∣∣∣∣∣
0
= −
g2
(2π)3
(ta)ijK(G)µα (v, χ| k, q) δ(v · (k + q)),
where the coefficient function K(G)µα is defined by
K(G)µα (v, χ| k, q) ≡
vµχα
v · q
− ∗Γ
(G)µ
αβ (k; q,−k − q)
∗Sββ′(k + q)χβ′, (5.4)
and correspondingly instead of (4.11), we have
δ2
(
j aµ[A, ψ¯, ψ,Q0](k) + j
aµ
θ [A, ψ¯, ψ](k)
)
δψ
(0)i
α (q) δθ
†j
0
∣∣∣∣∣∣
0
=
δ2j˜ aµ[A(0), ψ¯(0), ψ(0), Q0, θ0, θ
†
0 ](k)
δψ
(0)i
α (q) δθ
†j
0
∣∣∣∣∣
0
=
g2
(2π)3
(ta)jiK¯(G)µα (v, χ¯| k,−q) δ(v · (k − q)),
where
K¯(G)µα (v, χ¯| k,−q) ≡
vµχ¯α
v · q
+ χ¯β′
∗Sβ′β(k − q)
∗Γ
(G)µ
βα (k;−k + q,−q). (5.5)
Now we can write out a total expression for the effective current linear in free soft-quark
fields ψ¯(0), ψ(0) and the Grassmann charges θ†i0 , θ
i
0:
j˜
(1)a
θµ (ψ¯
(0), ψ(0))(k) = j˜ † aiµ (ψ
(0))(−k) θi0 + θ
† i
0 j˜
ai
µ (ψ
(0))(k), (5.6)
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where
j˜ aiµ (ψ
(0))(k) ≡
g2
(2π)3
(ta)ij
∫
K¯(G)α, µ(v, χ¯| k,−q)ψ
(0)j
α (q) δ(v · (k − q))dq, (5.7)
j˜ † aiµ (ψ
(0))(−k) ≡
g2
(2π)3
∫
ψ¯(0)jα (−q)(t
a)jiK(G)α, µ(v, χ| k, q) δ(v · (k + q))dq.
This effective current generates the scattering processes that are inverse to the scat-
tering processes depicted in Fig. 2. By a direct calculation it is easy to verify that this
current satisfies the condition of reality: j˜ ∗(k) = j˜(−k), and coefficient functions (5.4)
and (5.5) in contracting with a longitudinal projector are gauge invariant in the sense as
it was discussed in the previous section.
Further, we consider a derivation of current (5.1) proceed from the corresponding gen-
eralization of evolution equations (3.5) and (3.6). As was already mentioned in Introduc-
tion these equations was obtained in Ref. [5] under the assumption that in medium there
is only mean (and/or stochastic) gauge field Aaµ(x) in which the classical color-charged
particles move. Here the following question arises: How are the equations modified if in
addition there exist stochastic soft-quark fields ψ¯iα(x), ψ
i
α(x) in the medium? We assume
that a minimal extension of equations (3.5) and (3.6) to the soft-fermion degree of freedom
of system with retention of gauge symmetry has the following form:
dϑi(t)
dt
+ igvµAaµ(t,vt)(t
a)ijϑj(t) + ig
(
χ¯αψ
i
α(t,vt)
)
= 0, θi0 = ϑ
i(t)
∣∣∣
t=t0
(5.8)
dϑ†i(t)
dt
− igvµAaµ(t,vt)ϑ
†j(t)(ta)ji − ig
(
ψ¯iα(t,vt)χα
)
= 0, θ†i0 = ϑ
†i(t)
∣∣∣
t=t0
.
The general solution of these equations is
ϑi(t) = U ij(t, t0)θ
j
0 − ig
t∫
t0
U ij(t, τ)
(
χ¯αψ
j
α(τ,vτ)
)
dτ, (5.9)
ϑ†i(t) = θ†j0 U
ji(t0, t) + ig
t∫
t0
(
ψ¯jα(τ,vτ)χα
)
U ji(τ, t)dτ.
Here we have introduced new symbols ϑi and ϑ†i for the Grassmann charges having kept
the old symbols θi and θ†i for solutions of homogeneous equations (3.5), (3.6).
If we now substitute these solutions into (3.7) and take into account the identity
U(τ, t)taU(t, τ) = U˜ab(t, τ)tb, (5.10)
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where U˜(t, τ) = T exp{−ig
∫ t
τ (v · A
a(τ ′,vτ ′ )) T adτ ′} is the evolution operator in the
adjoint representation, then we obtain the following expression5 for the color charge Qa(t):
Qa(t) = U˜ab(t, t0)Q
b
0 + ig


t∫
t0
(
ψ¯j
′
α (τ,vτ)χα
)
U j
′j(τ, t) dτ (ta)ji
[
U ii
′
(t, t0) θ
i′
0
]
(5.12)
−
[
θ†i
′
0 U
i′i(t0, t)
]
(ta)ij
t∫
t0
U jj
′
(t, τ)
(
χ¯αψ
j ′
α (τ,vτ)
)
dτ


+ g2
t∫
t0
t∫
t0
(
ψ¯i
′
α(τ,vτ)χα
)
U i
′i(τ, t) (ta)ijU jj
′
(t, τ ′ )
(
χ¯α′ψ
j ′
α′(τ
′,vτ ′ )
)
dτdτ ′,
where we also have introduced a new symbol Qa for usual color charge, having kept
the old symbol Qa for the solution of the Wong equation (3.2). If we now insert (5.12)
into expression for current (3.1), then the first term on the right-hand side of Eq. (5.12)
determines the usual ‘classical’ color current of hard parton. The expression in braces in
Eq. (5.12) determines current (5.1), which we have introduced above for recovering gauge
invariance of scattering amplitude. The physical meaning of the last term in (5.12) is less
clear, as well as the physical meaning of the last terms on the right-hand sides of solutions
(5.9) in inserting the last into Grassmann color sources (3.8) and (3.9). Unfortunately,
these terms generate additional contributions redefining the effective currents and sources.
For example, in color source (3.8) there exists a term linear in interacting soft-quark field
ψ
ηiθα = η
(0)i
θα +
g2
(2π)3
χα
(v · q)
∫ (
χ¯β ψ
i
β(q
′ )
)
δ(v · (q − q ′ ))dq ′ + . . . .
This in particular leads to the fact that it is necessary to redefine the left-hand side of
the Dirac field equation (3.10) to the following form
∗S−1αβ (q)ψ
i
β(q)→
∫
dq ′
{
∗S−1αβ (q
′ ) δ(q − q ′ ) +
g2
(2π)3
χαχ¯β
(v · q)
δ(v · (q − q ′ ))
}
ψiβ(q
′ ).
There are additional contributions to all HTL-induced sources: η(1,1)(A,ψ), η(2,1)(A,A, ψ)
and so on. The last term on the right-hand side of Eq. (5.12) generates new contributions
to the HTL-induced currents jψ(0,2)(ψ¯, ψ), jψ(1,2)(A, ψ¯, ψ), . . . . By virtue of this fact we
can say nothing about physical sense of these new contributions, during all work we
5The function (5.12) is formally a solution of the equation
dQa(t)
dt
+ igvµAbµ(t,vt)(T
b)acQc(t) + ig
[
ϑ†j(t)(ta)ji
(
χ¯αψ
i
α(t,vt)
)
−
(
ψ¯iα(t,vt)χα
)
(ta)ijϑj(t)
]
= 0,
(5.11)
with initial condition Qa0 = Q
a(t)| t=0. This equation follows from system (5.8). The functions ϑ
†j(t) and
ϑj(t) here, are defined by Eq. (5.9).
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simply ignore them. However the account of the functions generating these contributions
is very important. With the help of these functions we can construct new gauge-covariant
currents and sources, which generate new terms in scattering amplitudes. These terms
have already quite concrete physical sense. This will be the subject of discussion just
below. Here we would like to make one more additional remark. As it is well known
evolution equation (3.2) admits an integral of motion
Qa(t)Qa(t) = Qa0Q
a
0 = const,
and equations (3.5), (3.6) admit, correspondingly
θ†i(t)θi(t) = θ†i0 θ
i
0 = const.
The new evolution equations (5.8) and (5.11) allows no such integrals of motion. In other
words, in the presence of soft-quark field fluctuations in the medium, ‘the length’ of color
vector of classical particle is not conserved any more.
Now we introduce the following notations:
Ωi(t) ≡ −ig
t∫
t0
U ij(t, τ)
(
χ¯αψ
j
α(τ,vτ)
)
dτ, Ω†i(t) = ig
t∫
t0
(
ψ¯jα(τ,vτ)χα
)
U ji(τ, t)dτ, (5.13)
Ξa(t) ≡ g2
t∫
t0
t∫
t0
(
ψ¯i
′
α(τ,vτ)χα
)
U i
′i(τ, t) (ta)ijU jj
′
(t, τ ′)
(
χ¯α′ψ
j′
α′(τ
′,vτ ′ )
)
dτdτ ′
=
i
g
δ
δ(vµAaµ(t,vt))
(
Ω†i(t)Ωi(t)
)
.
In the last equality we have used the differentiation rule of the evolution operator
δU ij(t, τ)
δ(vµAaµ(t′ ,vt ′ ))
= − ig U ii
′
(t, t ′)(ta)i
′j′U j
′j(t ′, τ).
Let us define a new additional source setting by the definition
ηiQα(x) ≡ iα χαQ
a(t)
(
δΩi(t)
δ(vµAaµ(t,vt))
)
δ(3)(x− vt) (5.14)
= −iα g2χαQ
a(t)(ta)ij
t∫
t0
U jj
′
(t, τ)
(
χ¯βψ
j′
β (τ,vτ)
)
dτ δ(3)(x− vt)
≡ α gχαQ
a(t)(ta)ijΩj(t) δ(3)(x− vt).
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Here α is a constant, which should be defined from some physical reasons. Some of them
will be discussed later. The multiplier ‘i’ is introduced for convenience subsequently.
Under the gauge transformation non-Abelian charge is transformed by the rule
Qata → SQataS−1,
therefore, as it is not difficult to see from explicit expression (5.14), this source is trans-
formed properly: ηQα → SηQα. We turn to the momentum representation. From (5.14)
it follows the next nontrivial derivative of the second order with respect to ψ(0) and Qa0
δ2ηiQα[A,ψ, θ0](q)
δψ
(0) i1
α1 (q1)δQ
a
0
∣∣∣∣∣
0
= α
g2
(2π)3
(ta)ii1
χαχ¯α1
(v · q1)
δ(v · (q − q1)).
If we now add this expression to (4.2), then we obtain total expression for the effec-
tive source η˜(1)iα linear in free soft-quark field ψ
(0) and color charge Q0, instead of (4.3),
where now as the coefficient function K(Q)αα1(χ, χ¯| q,−q1) it is necessary to understand the
following expression
K(Q)αα1(χ, χ¯| q,−q1) = α
χαχ¯α1
v · q1
− ∗Γ(Q)µαα1 (q − q1; q1,−q)
∗Dµν(q − q1)v
ν . (5.15)
The diagrammatic interpretation of new ‘eikonal’ term on the right-hand side of Eq. (5.15)
is presented in Fig. 3. These graphs should be added to Fig. 1. Note that the fundamen-
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Figure 3: The eikonal contributions to the elastic scattering process of soft fermion excitation
off the hard test particle (Fig. 1).
tal difference between coefficient function (5.15) and coefficient functions (4.6) and (5.4)
consists in the fact that two terms in (5.15) are not associated to one another by the
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requirement of gauge invariance of the scattering amplitude that, for example, unambigu-
ously would fix the constant α.
For convenience of the further references we write out an explicit form of the effective
source ˜¯η Dirac conjugate to (4.3)
˜¯η
(1)i
α (ψ¯
(0), Q0)(−q) =
g2
(2π)3
(ta)i1iQa0
∫
K¯(Q)α1α(χ, χ¯| q,−q1)ψ¯
(0)i1
α1 (−q1) δ(v · (q − q1))dq1,
(5.16)
where
K¯(Q)α1α(χ, χ¯| q,−q1) ≡ α
∗ χα1χ¯α
v · q1
− ∗Γ(Q)µα1α (−q + q1;−q1, q)
∗D†µν(q − q1)v
ν . (5.17)
From functionals (5.13) one can form two some more additional sources:
ηiΞα(x) = βg χα(t
a)ij θj(t) Ξa(t) δ(3)(x− vt) (5.18)
and
ηiΩα(x) = β1 g χα(t
a)ii1 Ωi1(t)
[
Ω†j1(t)(ta)j1j θj(t)
]
δ(3)(x− vt), (5.19)
where β, β1 are some constants. The sources (5.18), (5.19) generate contributions to the
scattering processes of higher order in the coupling (see the next sections). For example,
the first nontrivial derivative of source (5.18) in the momentum representation
δ3ηiΞα[A,ψ, θ0](q)
δψ
(0)i2
α2 (q2)δψ¯
(0)i1
α1 (−q1)δθ
j
0
∣∣∣∣∣
0
= β
g3
(2π)3
(ta)ij(ta)i1i2
χαχα1χ¯α2
(v · q1)(v · q2)
δ(v · (q + q1 − q2))
(5.20)
defines eikonal contribution to nonlinear interaction process of three soft-quark excitations
with the hard parton (Eqs. (6.6), (6.7) and Fig. 6). The source (5.19) generates a similar
contribution with replacements in Eq. (5.20): β → β1 and (t
a)ij(ta)i1i2 → (ta)ii2(ta)i1j. By
virtue of a structure of the functionals Ωi(t), Ω†i(t) and Ξa(t), sources (5.18), (5.19) are
transformed by covariant way under the gauge transformation.
Finally, we can define another color current supplementing (5.1) setting by definition
j aΞµ[A, ψ¯, ψ,Q0](x) = iσ vµQ
b(t)
(
δ Ξa(t)
δ(vνAbν(t,vt))
)
δ(3)(x− vt) (5.21)
= σ vµ g
3
t∫
t0
t∫
t0
(
ψ¯i
′
α(τ,vτ)χα
)
U i
′i(τ, t) {ta, tb}ijU jj
′
(t, τ ′ )
(
χ¯α′ψ
j ′
α′(τ
′,vτ ′ )
)
dτdτ ′
×Qb(t) δ(3)(x− vt),
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where σ is a new constant. The additional color current (5.21) similar to additional
sources (5.18), (5.19) generates contributions only to higher orders nonlinear interaction
of soft and hard modes. The first nontrivial variation of current (5.21) (in the momentum
representation) defines eikonal contribution to nonlinear interaction process of two soft-
quark and one soft-gluon excitations with the hard parton (Eqs. (6.1), (6.2) and Fig. 4)
δ3j aΞ µ[A, ψ¯, ψ,Q0](k)
δψ
(0)j
β (q1)δψ¯
(0)i
α (−q)δQb0
∣∣∣∣∣∣
0
= σ
g3
(2π)3
vµ {t
a, tb}ij
χαχ¯β
(v · q)(v · q1)
δ(v · (k + q − q1)). (5.22)
The currents and sources written out in this section and Section 3 enables us to
calculate complete expressions for scattering amplitudes of soft QGP modes off hard
thermal particles, at least up to the third order in free soft-field amplitudes and initial
values of color charges of hard partons. In two latter sections this will be proved by
explicit calculation of effective currents and sources generating processes of nonlinear
interaction of three plasma waves with the test particle and soft-loop corrections to the
scattering processes considered in Section 4. Unfortunately, we cannot prove whether
it will be necessary to introduce more complicated in structure additional currents and
sources in calculating the total scattering amplitudes of higher order in interaction. The
direct computations here become very cumbersome and therefore for the proof of closure
(or non-closure) of the theory it is necessary to use methods and approaches that are not
related to an expansion in a series in powers of soft-field amplitudes and initial values of
color charges.
In Appendix A we give an explicit form of the action S varying which we get the
equation for color charge evolution of the hard test parton and the Yang-Mills and Dirac
equations for soft gluon and quark excitations. The action suggested generates all addi-
tional sources introduced in present section.
6 Third-order effective currents and sources
In this section examples of calculation of effective currents and sources next-to-leading
order in the coupling g will be given. As a first step we consider the third order functional
derivative of relation (3.14) with respect to ψ(0), ψ¯(0) and Q0. By current j
a
µ on the left-
hand side it is necessary to realize a sum of the initial current and additional currents
(5.1) and (5.21), i.e.,
jaµ[A, ψ¯, ψ,Q0, θ
†
0, θ0](k) ≡ j
a
µ[A, ψ¯, ψ,Q0](k) + j
a
θµ[A, ψ¯, ψ, θ0](k) + j
a
Ξµ[A, ψ¯, ψ,Q0](k).
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Here, we have
δ3jaµ[A, ψ¯, ψ,Q0, θ
†
0, θ0](k)
δψ
(0)j
β (q2)δψ¯
(0)i
α (−q1)δQb0
∣∣∣∣∣∣
0
=
δ3j˜aµ[A
(0), ψ¯(0), ψ(0), Q0, θ
†
0, θ0](k)
δψ
(0)j
β (q2)δψ¯
(0)i
α (−q1)δQb0
∣∣∣∣∣∣
0
=
∫ 
 δ
2jA(2)aµ (k)
δAa
′
1
µ′
1(k ′1)δA
a′
2
µ′
2(k ′2)
δAa
′
2
µ′
2(k ′2)
δQb0
δ2Aa
′
1
µ′
1(k ′1)
δψ
(0)j
β (q2)δψ¯
(0)i
α (−q1)
dk ′1dk
′
2
+
δ3jΨ(1,2)aµ (k)
δAa
′
1
µ′
1(k ′1)δψ
j′
1
β′
1
(q ′2)δψ¯
i′
1
α′
1
(−q ′1)
δAa
′
1
µ′
1(k ′1)
δQb0
δψ
j′
1
β′
1
(q ′2)
δψ
(0)j
β (q2)
δψ¯
i′
1
α′
1
(−q ′1)
δψ¯
(0) i
α (−q1)
dk ′1dq
′
1dq
′
2
+
δ2j
(1)a
Qµ (k)
δAa
′
1
µ′
1(k ′1)δQ
b
0
δ2Aa
′
1
µ′
1(k ′1)
δψ
(0)j
β (q2)δψ¯
(0)i
α (−q1)
dk ′1
+
δ2jΨ(0,2)aµ (k)
δψ
j′
1
β′
1
(q ′2)δψ¯
i′
1
α′
1
(−q ′1)
δ2ψ
j′
1
β′
1
(q ′2)
δψ
(0)j
β (q2)δQ
b
0
δψ¯
i′
1
α′
1
(−q ′1)
δψ¯
(0)i
α (−q1)
dq ′1dq
′
2
+
δ2jΨ(0,2)aµ (k)
δψ
j′
1
β′
1
(q ′2)δψ¯
i′
1
α′
1
(−q ′1)
δψ
j′
1
β′
1
(q ′2)
δψ
(0)j
β (q2)
δ2ψ¯
i′
1
α′
1
(−q ′1)
δδψ¯
(0)i
α (−q1)δQ
b
0
dq ′1dq
′
2
+
δ3j aΞµ(k)
δψ
j′
1
β′
1
(q ′2)δψ¯
i′
1
α′
1
(−q ′1)δQ
b
0
δψ
j′
1
β′
1
(q ′2)
δψ
(0)j
β (q2)
δψ¯
i′
1
α′
1
(−q ′1)
δψ¯
(0)i
α (−q1)
dq ′1dq
′
2


∣∣∣∣∣∣∣
0
,
where on the right-hand side we keep the terms different from zero only. Taking into
account Eqs. (I.3.3), (4.1), (3.4), (4.2), (5.15) and (5.22) from the last expression we find
the effective current in the following form
j˜(2)aµ (ψ¯
(0), ψ(0), Q0)(k) =
g3
(2π)3
∫
K
(G)ab, ij
µ, αβ (v, χ, χ¯| k; q1,−q2) ψ¯
(0)i
α (−q1)ψ
(0)j
β (q2) (6.1)
× δ(v · (k + q1 − q2))dq1dq2Q
b
0 ,
where the coefficient function K
(G)ab, ij
µ, αβ is
K
(G)ab, ij
µ, αβ (v, χ, χ¯| k; q1,−q2) ≡ − δΓ
(G)ab, ij
µν, αβ (k,−k − q1 + q2; q1,−q2)
∗Dνν
′
(k + q1 − q2)vν′
+ [ta, tb]ijKµν(v,v| k, q1 − q2)
∗Dνν
′
(−q1 + q2)
∗Γ
(G)
ν′, αβ(−q1 + q2; q1,−q2) (6.2)
− (tatb)ij ∗Γ(G)µ, αγ(k; q1,−k − q1)
∗Sγγ′(k + q1)K
(Q)
γ′β (χ, χ¯| k + q1,−q2)
+ (tbta)ijK¯(Q)αγ (χ, χ¯| k − q2, q1)
∗Sγγ′(k − q2)
∗Γ
(G)
µ, γ′β(k;−q2,−k + q2)
+ σvµ {t
a, tb}ij
χαχ¯β
(v · q1)(v · q2)
.
26
Here the function
Kµν(v,v| k, q1− q2) ≡ −
vµvν
v · (q1 − q2)
+ ∗Γµνλ(k, q1− q2,−k− q1 + q2)
∗Dλλ
′
(k+ q1− q2)vλ′
was introduced in Ref. [6]. It defines (on mass-shell of soft modes) the amplitude for
elastic scattering of soft-gluon excitations off hard particle. The coefficient functions
K
(Q)
γ′β (χ, χ¯| k + q1,−q2) and K¯
(Q)
αγ (χ, χ¯| k − q2, q1) in the third and fourth lines are defined
by equations (5.15) and (5.17) correspondingly. The last term on the right-hand side
of Eq. (6.2) is produced by additional current (5.21), and two the last but one terms
contain the eikonal contributions induced by additional source (5.14) and its conjugation.
The effective current (6.1) generates two processes of interaction of three soft plasma
excitations with hard test particle: (i) the scattering process of soft-gluon excitation off
hard parton with consequent soft-quark pair creation and (ii) the scattering process of
soft-gluon and soft-quark excitations with consequent soft-quark radiation. Diagrammatic
interpretation of different terms in coefficient function (6.2) is shown in Fig. 4. Here the
scattering process of soft-gluon and soft-quark excitations only with consequent soft-quark
radiation is presented.
To define an effective current generating the scattering process with participation
of two soft-gluon excitations and one soft-quark excitation, it should be considered a
functional derivative of the relation (3.14) with respect to θ†0, A
(0), ψ(0) and θ0, A
∗(0),
ψ¯(0) with the over-all current jaµ[A, ψ¯, ψ,Q0, θ
†
0, θ0](k) on the left-hand side. Omitting the
details of calculations, we result at once in the final expression (cp. (5.6))
j˜(2)aµ (A
(0), ψ¯(0), ψ(0), θ†0, θ)(k) = j˜
† ai
µ (A
(0), ψ(0))(−k) θi0 + θ
†i
0 j˜
ai
µ (A
(0), ψ(0))(k), (6.3)
where
j˜ aiµ (A
(0), ψ(0))(k) ≡
g3
(2π)3
∫
K(G)aa1, ijµµ1, α (v,v, χ¯| k;−k1,−q)A
(0)a1µ1(k1)ψ
(0)j
α (q) (6.4)
× δ(v · (k − k1 − q)) dqdk1,
j˜ † aiµ (A
(0), ψ(0))(−k) ≡
g3
(2π)3
∫
K¯(G)aa1, jiµµ1, α (v,v, χ| k; k1, q)A
∗(0)a1µ1(k1)ψ¯
(0)j
α (−q)
× δ(v · (k + k1 + q)) dqdk1.
Here the coefficient function K(G)ab, ijµµ1, α is defined by the expression
K(G)aa1 , ijµµ1, α (v,v, χ¯| k;−k1,−q) ≡ − χ¯β′
∗Sβ′β(k− k1− q) δΓ
(G)aa1, ij
µµ1, βα
(k,−k1;−k + k1 + q,−q)
− [ta, ta1 ]ij∗Γµνµ1(k,−k + k1,−k1)
∗Dνν
′
(k − k1)K¯
(G)
ν′, α(v, χ¯| k − k1,−q) (6.5)
− (tata1)ijK¯
(G)
µ, β′(v, χ¯| k,−q − k1)
∗Sβ′β(q + k1)
∗Γ
(Q)
µ1, βα
(k1; q,−q − k1)
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Figure 4: The processes of absorption of soft-gluon and soft-quark excitations by hard parton,
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− (ta1ta)ijK¯
(Q)
µ1, β′
(v, χ¯| − k1, k − q)
∗Sβ′β(k − q)
∗Γ
(G)
µ, βα(k; q − k,−q)
+ (tata1)ij
vµvµ1 χ¯α
(v · q)(v · k)
− (ta1ta)ij
vµvµ1 χ¯α
(v · q)(v · k1)
.
The second, fourth and fifth terms contain eikonal contributions generated by additional
current (5.1). Diagrammatic interpretation of different terms in the coefficient function
(6.5) are presented in Fig.5. These diagrams should be supplemented with graphs describ-
ing interaction of soft modes with hard test antiquark Q¯. The example of such diagrams
is shown on the first line in parentheses.
Now we consider a third order functional derivatives of relation (3.15). By the source
on the left-hand side it is necessary to mean a sum of initial source (the right-hand side
of Eq. (3.10)) and additional sources (5.14), (5.18), and (5.19):
η iα[A, ψ¯, ψ,Q0, θ0](q) ≡ η
i
α[A,ψ,Q0](q) + η
i
Qα[A,ψ, θ0](q)
+ η iΞα[A, ψ¯, ψ, θ0](q) + η
i
Ωα[A, ψ¯, ψ, θ0](q).
Differentiation of (3.15) with respect to ψ(0), ψ¯(0) and θj0 yields
δ3ηiα[A, ψ¯, ψ,Q0, θ0](q)
δψ
(0)i2
α2 (q2) δψ¯
(0)i1
α1 (−q1) δθ
j
0
∣∣∣∣∣
0
=
δ3η˜iα[A
(0), ψ¯(0), ψ(0), Q0, θ0](q)
δψ
(0)i2
α2 (q2) δψ¯
(0)i1
α1 (−q1)δθ
j
0
∣∣∣∣∣
0
=
∫ { δ2η(1,1)iα (q)
δAa
′
1
µ′
1(k ′1)δψ
i′
1
α′
1
(q ′1)
δψ
i′
1
α′
1
(q ′1)
δθj0
δ2Aa
′
1
µ′
1(k ′1)
δψ
(0)i2
α2 (q2)δψ¯
(0)i1
α1 (−q1)
dk ′1dq
′
1
−
δ2η(1,1)iα (q)
δAa
′
1
µ′
1(k ′1)δψ
i′
1
α′
1
(q ′1)
δ2Aa
′
1
µ′
1(k ′1)
δθj0 δψ¯
(0)i1
α1 (−q1)
δψ
i′
1
α′
1
(q ′1)
δψ
(0)i2
α2 (q2)
dk ′1dq
′
1
+
δ2η
(1)i
θα (q)
δθj0 δA
a′
1
µ′
1(k ′1)
δ2Aa
′
1
µ′
1(k ′1)
δψ
(0)i2
α2 (q2)δψ¯
(0)i1
α1 (−q1)
dk ′1
+
δ2
(
ηiΞα(q) + η
i
Ωα(q)
)
δθj0 δψ
i′
2
α′
2
(q ′2)δψ¯
i′
1
α′
1
(−q ′1)
ψ
i′
2
α′
2
(q ′2)
δψ
(0)i2
α2 (q2)
ψ¯
i′
1
α′
1
(−q ′1)
δψ¯
(0)i1
α1 (−q1)
dq ′1dq
′
2
}∣∣∣∣∣
0 .
We kept again only the terms different from zero on the right-hand side. Taking into
account Eqs. (I.3.4), (I.3.3), (5.4), (3.11) and (5.20), we easily derive an explicit form of
effective source generating the process of nonlinear interaction of three soft-quark excita-
tions with the hard test particle
η˜(2)iα (ψ¯
(0), ψ(0), θ0)(q) =
g3
(2π)3
∫
K(Q)ii1i2jαα1α2 (χ, χ, χ¯| q, q1;−q2) ψ¯
(0)i1
α1 (−q1)ψ
(0)i2
α2 (q2) (6.6)
× δ(v · (q + q1 − q2)) dq1dq2 θ
j
0 ,
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Figure 5: The scattering process of soft-gluon excitation by hard parton followed by soft-gluon
and soft-quark radiation.
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where the coefficient function K(Q)ii1i2jαα1α2 is
K(Q)ii1i2jαα1α2 (χ, χ, χ¯| q, q1;−q2) (6.7)
≡ (ta)ii2(ta)i1j ∗Γ(Q)µαα2 (q − q2; q2,−q)
∗Dµν(q − q2)K
(G)ν
α1
(v, χ| q − q2, q1)
− (ta)ij(ta)i1i2K(Q)µα (v, χ| − q1+ q2,−q)
∗Dµν(−q1+ q2)
∗Γ(G)να1α2(−q1+ q2; q1,−q2)
+ β (ta)ij(ta)i1i2
χαχα1χ¯α2
(v · q1)(v · q2)
+ β1 (t
a)ii2(ta)i1j
χαχα1χ¯α2
(v · q1)(v · q2)
.
Diagrammatic interpretation of different terms in coefficient function (6.7) is presented in
Fig. 6.
Furthermore, we can define just one more third-order effective source η˜(2)iα taking
variation of relation (3.15) with respect to A(0), ψ(0) and Q0. Omitting calculation details,
we give at once final result:
η˜(2)iα (A
(0), ψ(0), Q0)(q) =
g3
(2π)3
∫
K(Q)ab, ii1µ,αα1 (v, χ¯, χ| q;−q1,−k)A
(0)aµ(k)ψ(0)i1α1 (q1) (6.8)
× δ(v · (q − q1 − k)) dq1dk Q
b
0 ,
where the coefficient function K(Q)ab, ii1µ, αα1 is defined by the following expression:
K(Q)ab, ii1µ, αα1 (v, χ¯, χ| q;−q1,−k) ≡ − δΓ
(Q)ba, ii1
νµ, αα1 (q − q1 − k, k; q1,−q)
∗Dνν
′
(q − q1 − k)vν′
+ [tb, ta]ii1 ∗Γ
(Q)
ν′, αα1
(q − q1; q1,−q)
∗Dν
′ν(q − q1)Kνµ(v,v| q − q1,−k) (6.9)
+ (tbta)ii1K
(Q)
αβ (χ, χ¯| q,−q1 − k)
∗Sββ′(k + q1)
∗Γ
(Q)
µ, β′α1
(k; q1,−q1 − k)
− (tatb)ii1 ∗Γ
(Q)
µ, αβ(k; q − k,−q)
∗Sββ′(q − k)K
(Q)
β′α1
(χ, χ¯| q − k,−q1)
−α (tbta)ij
vµχαχ¯α1
(v · q)(v · k)
+ α (tatb)ij
vµχαχ¯α1
(v · q1)(v · k)
.
The effective source (6.8) generates the scattering processes, which are reverse to the
scattering processes depicted in Fig. 4.
Finally, we give an explicit expression for the effective source η˜(2)iα arising in calculating
the third order derivative of relation (3.15) with respect to A(0)(k1), A
(0)(k2) and θ0. The
calculations similar to previous ones result in the following expression for η˜(2)iα :
η˜(2)iα (A
(0), A(0), θ0)(q) =
1
2!
g3
(2π)3
∫
K(Q)a1a2, ijµ1µ2, α (v,v, χ| q;−k1,−k2)A
(0)a1µ1(k1)A
(0)a2µ2(k2)
× δ(v · (q − k1 − k2)) dk1dk2 θ
j
0 . (6.10)
The explicit form of the coefficient function K(Q)a1a2, ijµ1µ2, α and also diagrammatic interpre-
tation of different terms are given in Appendix B. The effective source (6.10) closes a set
of the effective currents and sources determining nonlinear interaction processes of three
soft elementary excitations with hard test particle in the linear approximation in initial
values of the usual and Grassmann color charges.
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7 Soft-loop corrections
The effective currents and sources written out in previous sections define the scattering
processes of soft modes by hard thermal particles in tree approximation. However, as we
have shown in the case of purely soft-gluon excitations [6], there exists an infinite number
of effective currents, in which coefficient functions define so-called ‘classical’ soft-gluon
one-loop corrections to the tree scattering amplitudes. Although these effective currents
are suppressed by powers of the coupling constant in comparison with tree-level effective
currents, their accounting in some cases is rather important. Thus, for example, in our
work [9] it was shown that soft one-loop corrections to soft-gluon bremsstrahlung generate
‘off-diagonal’ contributions to the radiation energy loss of fast parton connected with the
coherent double gluon exchanges. These contributions within the frameworks of a light-
cone path integral approach were first considered by Zakharov [11] to ensure unitarity.
The presence of soft-quark excitations in the medium results in a new feature: appearing
‘classical’ soft-quark loops. As well as in the case of purely soft-gluon excitations [6]
effective currents and sources containing soft-quark loops arise in calculating derivatives
of higher order with respect to color charges Q0, θ
†
0 and θ0 of the basic relations (3.14) –
(3.16). Below we will give some examples of concrete calculations and diagrammatic
interpretation of the results.
The first nontrivial example of this type arises in calculating the derivative of relation
(3.14) with respect to the Grassmann charges θ†0 and θ0 (with the over-all current on the
left-hand side)
δ2jaµ[A, ψ¯, ψ,Q0, θ
†
0, θ0](k)
δθ† i0 δθ
j
0
∣∣∣∣∣∣
0
=
δ2j˜aµ[A
(0), ψ¯(0), ψ(0), Q0, θ
†
0, θ0, ](k)
δθ† i0 δθ
j
0
∣∣∣∣∣∣
0
=

 δ2j(1)aθµ (ψ¯, ψ)(k)
δθ† i0 δθ
j
0
+
δ2jΨ(0,2)aµ (ψ¯, ψ)(k)
δθ† i0 δθ
j
0


∣∣∣∣∣∣
0
,
where in the last line we keep the terms different from zero only. Taking into account
Eqs. (5.3), (4.5) and (I.3.3), it is not difficult to show that the right-hand side of this
equation can be resulted in the following form (for the sake of simplicity here we suppress
of the summation over spinor indices):
g3
(2π)3
(ta)ij
∫ {
vµ
(v · q ′ )
[ (
χ¯ ∗S(q ′ )χ
)
−
(
χ¯ ∗S(−q ′ )χ
)]
(7.1)
+
(
χ¯ ∗S(k−q ′ ) ∗Γ(G)µ (k;−k+q
′,−q ′ ) ∗S(q ′ )χ
)}
δ(v ·q ′ ) dq ′ δ(v ·k).
From this point on we will designate virtual momenta by letter with prime. The diagram-
matic interpretation of different terms is presented in Fig. 7. The region of integration
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Figure 7: The one-loop corrections to the initial current j(0)aµQ (k) = g/(2pi)
3 vµQa0δ(v · k).
in loops is restricted by the Cherenkov cone v · q ′ = 0. Moreover, by virtue of condition
v ·k = 0 (the last δ-function in Eq. (7.1)) the derivative calculated is not equal to zero only
for off mass-shell plasma excitations. We note especially that it is impossible to obtain
Eq. (7.1) literally from the right-hand side of Eq. (5.6) by simple replacements
ψ¯(0)iα (−q)→
g
(2π)3
θ† i0 χ¯β
∗Sβα(−q) δ(v · q), (7.2)
ψ(0)jα (q)→ −
g
(2π)3
∗Sαβ(q)χβ δ(v · q) θ
j
0 ,
since in this case we obtain superfluous term with vertex ∗Γ(G)µ (k;−k + q
′,−q ′) in com-
parison with (7.1). Finally, the integrand in (7.1) contains a singularity δ(v · q ′)/(v · q ′)
generated by the eikonal term. Brief analysis of this singularity is given in Appendix C.
We only point to the fact that an origin of this singularity is the assumption of linearity
of a hard parton trajectory used by us during all this work. Note that an expression sim-
ilar to (7.1) exists in purely gluonic case [6]. Here, instead of the HTL-resummed quark
propagators and vertex ∗Γ(G)µ we have correspondingly the gluon propagators and triple
gluon vertex ∗Γ3g. However, this expression within the framework of HTL-approximation
vanishes by virtue of color factor: fabcQb0Q
c
0 = 0.
Another nontrivial example of this kind arises in calculating the derivative of relation
(3.15) with respect to the usual Q0 and Grassmann θ0 charges with the total source on
the left-hand side
δ2ηiα[A, ψ¯, ψ,Q0, θ0](q)
δQa0 δθ
j
0
∣∣∣∣∣
0
=
δ2η˜iα[A
(0), ψ¯(0), ψ(0), Q0, θ0](q)
δQa0 δθ
j
0
∣∣∣∣∣
0
=

δ2η(1)iQα (ψ)(q)
δQa0 δθ
j
0
+
δ2η
(1)i
θα (A)(q)
δQa0 δθ
j
0
+
δ2η(1,1)iα (A,ψ)(q)
δQa0 δθ
j
0


∣∣∣∣∣∣
0
.
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Taking into account Eqs. (5.14), (3.11), (4.1), and (4.5) we lead the right-hand side of the
last equation to the following form:
−
g3
(2π)3
(ta)ij
{
α
∫
χα
(v · q ′ )
(
χ¯β
∗Sββ′(q
′ )χβ′
)
δ(v · q ′ ) dq ′ (7.3)
+
∫
χα
(v · k ′ )
(
vµ ∗Dµµ′(k
′ )vµ
′
)
δ(v · k ′ ) dk ′
−
∫ [
∗Γ
(Q)µ
αβ (q−q
′; q ′,−q) ∗Sββ′(q
′ )χβ′
]
∗Dµµ′(q−q
′ )vµ
′
δ(v ·q ′ ) dq ′
}
δ(v ·q).
Diagrammatic interpretation of the different terms in braces is presented in figure 8. The
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Figure 8: The one-loop corrections to the initial source η(0)iθ α (q) = g/(2pi)
3 θi0χαδ(v · q).
expression (7.3) also cannot be obtained by simply replacements (7.2) and
A(0)aµ (k)→ −
g
(2π)3
∗Dµν(k)v
νδ(v · k)Qa0
from a sum of effective sources (4.3) and (4.7). For such a replacement a superfluous
contribution with the HTL-induced vertex ∗Γ
(Q)µ
αβ (q − q
′; q ′,−q) arises.
Physically, more thoughtful examples arise in calculating higher order derivatives of
relations (3.14) – (3.16) that contain at least one soft free field. We consider at first third
35
order derivative of relation (3.14) with respect to the usual and Grassmann charges Q0,
θ†0 and soft-quark field ψ
(0). Somewhat cumbersome calculations result in
δ3jaµ[A, ψ¯, ψ,Q0, θ
†
0, θ0](k)
δQb0 δθ
† i
0 δψ
(0)j
α (q)
∣∣∣∣∣∣
0
=
δ3j˜aµ[A
(0), ψ¯(0), ψ(0), Q0, θ
†
0, θ0](k)
δQb0 δθ
† i
0 δψ
(0)j
α (q)
∣∣∣∣∣∣
0
(7.4)
=
g4
(2π)6
{∫ [
χ¯β′
∗Sβ′β(k−k
′−q)δΓ
(G)ab, ij
µν, βα (k,−k
′;−k+k ′+q,−q) ∗Dνν
′
(k ′ )vν′
]
δ(v ·k ′ )dk ′
− [ta, tb]ij
∫
Kµν(v,v| k,−q + k
′ ) ∗Dνν
′
(q − k ′ )K¯
(G)
ν′, α(v, χ¯| − k
′ + q,−q) δ(v · k ′ )dk ′
+ (tatb)ij
[ ∫
K¯
(G)
µ, β′(v, χ¯| k,−k − q
′ ) ∗Sβ′β(k + q
′ )K
(Q)
βα (χ, χ¯| k + q
′,−q) δ(v · q ′ )dq ′
+
vµ χ¯α
(v · q)(v · k)
∫ (
vν ∗Dνν′(k
′ )vν
′
)
δ(v · k ′ ) dk ′
]
+ (tbta)ij
[ ∫ {
K¯
(Q)ν
β′ (v, χ¯| q − k − q
′,−q + k) ∗Dνν′(−q + k + q
′ )vν
′
−α∗
χ¯β′
(v · q ′ )
(
χ¯γ
∗Sγγ′(−q
′ )χγ′
)}
δ(v · q ′ ) dq ′
]
∗Sβ′β(k − q)
∗Γ
(G)
µ, βα(k; q − k,−q)
+ σ {ta, tb}ij
vµ χα
(v · q)(v · (k − q))
∫ (
χ¯β
∗Sββ′(−q
′ )χβ′
)
δ(v · q ′ ) dq ′
}
δ(v · (k − q)).
Diagrammatic interpretation of the different terms on the right-hand side of this expres-
sion is presented in Fig. 9. The dots here are referred to graphs describing interaction
with hard gluon in initial state. The example of a graph of that kind is presented in the
first line in parentheses.
Just one more interesting example arises in differentiating equality (3.14) with respect
to the Grassmann charges θ†0, θ0 and free soft-gluon field A
(0). The explicit form of
derivative δ3jaµ[A, ψ¯, ψ,Q0, θ
†
0, θ0](k)/δθ
†i
0 δθ
j
0 δA
(0)a1µ1(k1)| 0 is given in Appendix D. The
effective current defined by this derivative generates the soft one-loop corrections to the
nonlinear Landau damping process studied early in [15, 6]. The diagrams with soft-quark
loop (Fig. 14) in Appendix D should be added to those of Fig. 4 in Ref. [6], which include
soft-gluon loop.
Now we consider differentiation of relation (3.15). The calculation of third order
derivative with respect to θ†0, θ0 and ψ
(0) leads to the following expression
δ3ηiα[A, ψ¯, ψ,Q0, θ0](q)
δθ†j10 δθ
j
0 δψ
(0)i1
α1 (q1)
∣∣∣∣∣
0
=
δ3η˜iα[A
(0), ψ¯(0), ψ(0), Q0, θ
†
0, θ0](q)
δθ†j10 δθ
j
0 δψ
(0)i1
α1 (q1)
∣∣∣∣∣
0
(7.5)
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Figure 9: The one-loop corrections to the scattering process generated by the effective current
(5.6).
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=−
g4
(2π)6
{
(ta)ij(ta)j1i1
∫
K(Q)να (v, χ| q−k
′,−q)∗Dνν′(q−k
′ )K¯(G)ν
′
α1 (v, χ¯| q−k
′,−q1)δ(v·k
′ )dk ′
+ (ta)ii1(ta)j1j ∗Γ(Q)ναα1 (q − q1; q1,−q)
∗Dνν ′(q − q1)
×
∫ (
vν
′
(v · q ′ )
([
χ¯ ∗S(q ′ )χ
]
−
[
χ¯ ∗S(−q ′ )χ
])
+
[
χ¯ ∗S(−q ′ ) ∗Γ(G)ν
′
(q−q1; q
′,−q+ q1−q
′ ) ∗S(q−q1+ q
′ )χ
])
δ(v · q ′ ) dq ′
}
δ(v · (q−q1)) .
Diagrammatic interpretation of the different terms on the right-hand side of this expres-
sion is presented in Fig. 10. These graphs must be supplemented with graphs describing
interaction with the hard test antiquark Q¯. However, soft-loop corrections (7.5) do not
exhaust all corrections to the elastic scattering process of soft-quark excitation off hard
parton drawn on Figs. 1 and 3. The remaining corrections are determined by variation
of relation (3.15) with respect to usual color charges Qa0, Q
b
0 and free soft-quark field
ψ(0): δ3ηiα[A, ψ¯, ψ,Q0, θ0](q)/δQ
a
0 δQ
b
0 δψ
(0)i1
α1
(q1)| 0 . The explicit form and diagrammatic
interpretation of the variation are given in Appendix E.
In conclusion of this section we note run ahead that in our next paper [12] we point to
another independent way of deriving the effective currents and sources of (7.1), (7.3) type
(and also the other more complicated expressions obtained in this section) based on the
expressions for the effective currents and sources generating soft-quark bremsstrahlung in
the tree approximation. As known for production of bremsstrahlung it is necessary that
at least two hard color-charged particles have been involved in the interaction process.
The essence of this approach reduces to a simple identifying in a final expression for the
effective currents and sources (generating bremsstrahlung) of these two hard particles.
Under this identification soft-quark and soft-gluon propagators describing the interaction
process of two particles among themselves are effectively closed into loops (with soft
virtual momentum) attached to straight line of hard parton. From the geometric point of
view it can be presented as the imposition of the straight line of the first hard parton on
the straight line of the second hard parton. Note that there exist two ways for deriving
soft-quark loop resulting in different directions of circuit of the fermion loop. Fig. 11 gives
graphic interpretation of the procedure described above.
It should be particularly emphasized that these loop corrections are not quantum ones.
The notion of loops in our consideration has somewhat conventional character. By this
we simply mean the effect of self-interaction of color classical partons induced by the
surrounding medium in which they move and with which they interact. This process of
interaction with medium is more evidently seen from Fig. 11, where on the right-hand side
hard test parton 1 radiates virtual oscillation absorbed by hard thermal particle 2 and on
the left-hand side the same virtual oscillation is radiated and absorbed by the same hard
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with coefficient function (5.15) (Figs. 1 and 3).
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Figure 11: Graphic illustration of examples for obtaining the effective currents and sources of
the present work including soft one-loop corrections from the effective currents and sources for
the processes of soft gluon and soft quark bremsstrahlung [12].
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test parton. The coefficient functions (7.1), (7.3), (7.4) so on and the effective currents
(sources) connected with them can be interpretated as “dressing” initial bare current
(source) of the test color particle generated by interaction of this current (sources) with
hot bath.
8 Scattering probabilities
Making use of the explicit form for the effective currents and source obtained in previous
sections, one can define scattering probabilities of soft quark and soft gluon excitations off
hard test particle. For this purpose according to the Tsytovich correspondence principle
[6, 9] it is necessary to substitute the effective current j˜aµ[A
(0), ψ¯(0), ψ(0), Q0, θ
†
0, θ0](k) and
effective source η˜iα[A
(0), ψ¯(0), ψ(0), Q0, θ0](q) into expressions (I.8.1) and (I.8.2) correspond-
ingly and define the emitted radiant power of soft plasma excitations. However, it needs
to be preliminary carried out a little generalization of expressions (I.8.1), (I.8.2) taking
into account a specific of the problem under consideration.
At first we perform an averaging of the right-hand sides of Eqs. (I.8.1), (I.8.2) over
initial value of the usual color charge Q0 by adding an integration
6 over the colors with
measure
dQ0 =
dA∏
a=1
dQa0 δ(Q
a
0Q
a
0 − C
(ζ)
2 ), dA = N
2
c − 1, ζ = G, Q, Q¯
with the second Casimir C
(G)
2 = CA (= Nc) for hard gluons and correspondingly C
(Q, Q¯)
2 =
CF (= (N
2
c − 1)/2Nc) for hard (anti)quarks normalized such that
∫
dQ0 = 1, and thus
∫
dQ0Q
a
0Q
b
0 =
CA
dA
δab. (8.1)
Besides, an averaging over distributions of hard particles in thermal equilibrium should
be added. This statistic factor in a certain way depends on power of Grassmann color
charges in expansions of the effective current and source in powers of soft free fields and
initial value of color charges. If the term in the expansion contains ‘not compensated’
Grassmann charge θ0 (or θ
†
0), then it is necessary to introduce an averaging over hard
particle distributions in the following form:
∫
dp
(2π)3
[
fQp + f
G
p
] (
or
∫
dp
(2π)3
[
f Q¯p + f
G
p
])
.
6As it will be shown below there is no necessity to enter an averaging over initial values of the
Grassmann charges θ†i0 and θ
i
0. These charges will always appear in final expressions in the form of
combination θ†i0 θ
i
0 ≡ Cθ = const.
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Otherwise, when every charge θ0 is compensated by θ
†
0, it is necessary to use an average
in the form ∑
ζ=Q, Q¯, G
∫
dp
(2π)3
f (ζ)p .
In the former case the effective currents and sources generate the scattering processes,
which change the type of the hard test parton and correspondingly in the latter case the
type of the hard test parton is not varying. This feature was discussed in Section 2 after
Eq. (2.5). In the remainder of the paper we restrict our consideration only to linear terms
in expansion of the effective current and source, i.e., we set
j˜Ψaµ (v, χ;Q0, θ0| k) ≃ j˜
Ψab
µ (v, χ| k)Q
b
0 +
[
j˜ †Ψajµ (v, χ¯| −k)θ
j
0 + θ
†j
0 j˜
Ψaj
µ (v, χ¯| k)
]
, (8.2)
η˜ iα(v, χ;Q0, θ0| q) ≃ η˜
ib
α (v, χ| q)Q
b
0 + η˜
ij
α (v, χ| q)θ
j
0.
In the notations j˜Ψaµ (v, χ, Q0, θ0| k), η˜
i
α(v, χ, Q0, θ0| q), . . . we take into account that for
the globally equilibrium system the effective currents and sources depend on hard mo-
mentum p through velocity v = p/|p| and also spin state of hard parton7 described by
χ. Dependence on soft fields is implicitly implied.
Taking into account above-mentioned we use the following expressions for emitted
powers IB and IF instead of (I.8.1), (I.8.2):
IB = π lim
τ→∞
(2π)4
τ
(∫
|p|2 d|p|
2π2
[
fQp + f
G
p
])
(θ†j
′
0 θ
j
0)
∫
dQ0
∫
dΩv
4π
∫
dk k0sign(k0) (8.3)
×
{
Qµµ
′
(k)
[ 〈
j˜ †Ψajµ (v, χ¯| k)j˜
Ψaj′
µ′ (v, χ¯| k)
〉
+
〈
j˜ †Ψajµ′ (v, χ¯| −k)j˜
Ψaj′
µ (v, χ¯| −k)
〉]
δ(Re ∗∆−1 l(k))
+P µµ
′
(k)
[ 〈
j˜ †Ψajµ (v, χ¯| k)j˜
Ψaj′
µ′ (v, χ¯| k)
〉
+
〈
j˜ †Ψajµ′ (v, χ¯| −k)j˜
Ψaj′
µ (v, χ¯| −k)
〉]
δ(Re ∗∆−1 t(k))
}
−π lim
τ→∞
(2π)4
τ

 ∑
ζ=Q, Q¯,G
∫ |p|2 d|p|
2π2
f (ζ)p

∫ dQ0Qb0Qb′0
∫ dΩv
4π
×
∫
dk k0sign(k0)
{
Qµµ
′
(k)
〈
j˜ ∗Ψabµ (v, χ| k)j˜
Ψab′
µ′ (v, χ| k)
〉
δ(Re ∗∆−1 l(k))
+P µµ
′
(k)
〈
j˜ ∗Ψabµ (v, χ| k)j˜
Ψab′
µ′ (v, χ| k)
〉
δ(Re ∗∆−1 t(k))
}
,
and correspondingly
IF = −π lim
τ→∞
(2π)4
τ
(∫
|p|2 d|p|
2π2
[
fQp + f
G
p
])
(θ†j0 θ
j′
0 )
∫
dQ0
∫
dΩv
4π
(8.4)
7Strictly speaking the effective currents and sources are also implicitly dependent on energy E of hard
test particle through spinor χ (see Eq. (C.2)). It is this dependence that is meant in notation of the
scattering probabilities as functions of hard momentum p in Eqs. (2.4) and (2.5).
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×
∫
dq q0sign(q0)
{
(h+(qˆ))αα′
〈
˜¯η
ij
α (v, χ¯| − q)η˜
ij′
α′ (v, χ| q)
〉
δ(Re ∗∆−1+ (q))
+ (h−(qˆ))αα′
〈
˜¯η
ij
α (v, χ¯| − q)η˜
ij′
α′ (v, χ| q)
〉
δ(Re ∗∆−1− (q))
}
−π lim
τ→∞
(2π)4
τ

 ∑
ζ=Q, Q¯,G
∫
|p|2 d|p|
2π2
f (ζ)p

∫ dQ0Qb0Qb′0
∫
dΩv
4π
×
∫
dq q0sign(q0)
{
(h+(qˆ))αα′
〈
˜¯η
ib
α (v, χ¯| − q)η˜
ib′
α′ (v, χ| q)
〉
δ(Re ∗∆−1+ (q))
+ (h−(qˆ))αα′
〈
˜¯η
ib
α (v, χ¯| − q)η˜
ib′
α′ (v, χ| q)
〉
δ(Re ∗∆−1− (q))
}
.
In Eq. (8.3) we keep only a contribution from the current j˜Ψaµ including soft-quark fields
and the Grassmann color charges. The contribution from the current j˜Aaµ was considered
in Ref. [6]. Besides, unlike (I.8.1) and (I.8.2) we remove an integration over volume of the
system, since in the definition of phase-space measures (2.6) the momentum conservation
laws are explicitly considered. According to the corresponding principle for determining
the scattering probabilities w (f ; b)q→g (p|q;k), w
(ζ)(f ; f1)
q→q (p|q;q1) etc. the expression obtained
from (8.4) should be compared with expression determining a change of energy of soft
fermionic plasma excitations generated by the spontaneous processes of soft-quark and
soft-gluon emission only
(
dE
dt
)sp
=
∑
f=±
d
dt
{∫ dq
(2π)3
ω(f)q n
(f)
q +
∫ dq
(2π)3
ω(f)q n¯
(f)
q
}
(8.5)
=
∑
f =±
∑
b=t, l
∫ |p|2 d|p|
2π2
[
fQp + f
G
p
] ∫ dΩv
4π
∫ dq
(2π)3
∫
dT (f ; b)q→g ω
(f)
q
×
{
w (f ; b)q→g (p|q;k) + w
(f ; b)
q¯→g (p|q;k)
}
N
(b)
k
+
∑
f =±
∑
b=t, l
( ∑
ζ=Q, Q¯, G
∫ |p|2 d|p|
2π2
f (ζ)p
)∫ dΩv
4π
∫ dq
(2π)3
∫
dT (f ; f1)q→q ω
(f)
q
×
{
w (ζ)(f ; f1)q→q (p|q;q1)n
(f1)
q1
+ w
(ζ)(f ; f1)
q¯→q¯ (p|q;q1)
(
1− n¯(f1)q1
)}
+ . . . .
In deriving the right-hand side we have taken into account an equality of integration
measures for the processes with participation of soft-quark and soft-antiquark modes∫
dT (f ; b)q→g =
∫
dT
(f ; b)
q¯→g ,
∫
dT (f ; f1)q→q =
∫
dT
(f ; f1)
q¯→q¯
and also the fact that in conditions of global equilibrium and zero quark chemical potential
an equality fQp = f
Q¯
p takes place. What is more the kinetic equation (2.1) with collision
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term in the limit of a small intensity n(f)q → 0 (Eq. (2.9)) was used. The dots designates
contributions of higher order scattering processes.
With all required formulas at hand now one can define the simplest scattering proba-
bilities w (f ; b)q→g , w
(ζ)(f ; f1)
q→q etc. To be specific, we consider the scattering processes with par-
ticipation of normal soft-quark and transverse soft-gluon modes, i.e., we set f = f1 = +
and b = t. As the first step we single out on the right-hand side of (8.4) the contribution
of normal mode of soft fermion excitations. For this purpose we set
δ(Re ∗∆−1± (q)) = Z±(q) δ(q
0 − ω±q ) + Z∓(q) δ(q
0 + ω∓q ) (8.6)
and expand the spinor projectors h±(qˆ) in terms of simultaneous eigenspinors of chirality
and helicity
(h+(qˆ))αα′ =
∑
λ=±
uα(qˆ, λ)u¯α′(qˆ, λ), (h−(qˆ))αα′ =
∑
λ=±
vα(qˆ, λ)v¯α′(qˆ, λ). (8.7)
Substituting (8.6), (8.7) into (8.4) and integrating with respect to dq0, we define
contribution from the normal soft-quark modes to the emitted power
IF = −π lim
τ→∞
(2π)4
τ
(∫
|p| 2 d|p|
2π2
[
fQp + f
G
p
])
(θ†j0 θ
j′
0 )
∫
dQ0
∫
dΩv
4π
(8.8)
×
∑
λ=±
∫
dq ω+q Z+(q)
{〈
(˜¯η
ij
α (v, χ¯| − q)uα(qˆ, λ))(u¯α′(qˆ, λ)η˜
ij′
α′ (v, χ| q))
〉
q0 =ω+q
+
〈
(˜¯η
ij
α (v, χ¯| − q)vα(qˆ, λ))(v¯α′(qˆ, λ)η˜
ij′
α′ (v, χ| q))
〉
q0=−ω+q
}
− π lim
τ→∞
(2π)4
τ

 ∑
ζ=Q, Q¯, G
∫
|p| 2 d|p|
2π2
f (ζ)p

∫ dQ0Qb0Qb′0
∫
dΩv
4π
×
∑
λ=±
∫
dq ω+q Z+(q)
{〈
(˜¯η
ib
α (v, χ¯| − q)uα(qˆ, λ))(u¯α′(qˆ, λ)η˜
ib′
α′ (v, χ| q))
〉
q0 =ω+q
+
〈
(˜¯η
ib
α (v, χ¯| − q)vα(qˆ, λ))(v¯α′(qˆ, λ)η˜
ib′
α′ (v, χ| q))
〉
q0=−ω+q
}
.
The first contribution on the right-hand side of the last equation enables us to define
the scattering probabilities w (+; t)q→g (p|q;k) and w
(+; t)
q¯→g (p|q;k). Let us perform the following
replacements
η˜ ij
′
α′ (v, χ| q)→ η˜
(1)ij′
α′ (A
(0))(q), ˜¯η
ij
α (v, χ¯| − q)→ ˜¯η
(1)ij
α (A
∗(0))(−q),
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where the effective sources η˜
(1)ij′
α′ , ˜¯η
(1)ij
α are defined by Eqs. (4.7), (4.6) and (4.8), (4.9).
In this case the contribution under discussion to the emitted power (8.8) will be equal
−
1
2π
g4 lim
τ→∞
1
τ
(∫
|p| 2 d|p|
2π2
[
fQp + f
G
p
])(
θ†j0 (t
btb
′
)jj
′
θj
′
0
) ∫
dQ0
∫
dΩv
4π
(8.9)
×
∑
λ=±
∫
dq ω+q
(
Z+(q)
2
){[ (
K¯(Q)µα (v, χ¯| k,−q)uα(qˆ, λ)
)(
K
(Q)µ′
α′ (v, χ| k
′,−q)u¯α′(qˆ, λ)
)
× δ(v · (q − k))δ(v · (q − k ′ ))
]
q0 =ω+q
+
[(
K¯(Q)µα (v, χ¯| k,−q)vα(qˆ, λ)
)(
K
(Q)µ′
α′ (v, χ| k
′,−q)v¯α′(qˆ, λ)
)
δ(v·(q−k))δ(v·(q−k ′ ))
]
q0=−ω+q
}
×
〈
A∗(0)bµ (k)A
(0)b′
µ′ (k
′ )
〉
dkdk ′.
The integral in dQ is equal to unit by virtue of the normalization. The correlation
function of random soft-gluon field in conditions of stationary and homogeneous state of
the quark-gluon plasma can be written in the form〈
A∗(0)bµ (k)A
(0)b′
µ′ (k
′ )
〉
≃ δbb
′
Iµµ′(k) δ(k − k
′ ), (8.10)
where in the spectral density Iµµ′(k) we keep only ‘transverse’ part: Pµµ′(k)I
t
k. In the
frame, where uµ = (1, 0, 0, 0) the transverse projector Pµµ′(k) reduces to three-dimensional
transverse projector P ii
′
(kˆ), kˆ = k/|k|. For the transverse mode we introduce polarization
vectors ei(kˆ, ξ), ξ = 1, 2 possessing the properties
k · e(kˆ, ξ) = 0, e∗(kˆ, ξ) · e(kˆ, ξ′) = δξξ′.
The three-dimensional transverse projector is associated with the polarization vectors by
relation
P ii
′
(kˆ) = (δii
′
− kˆikˆi
′
) =
∑
ξ=1,2
e∗ i(kˆ, ξ) ei
′
(kˆ, ξ).
In what follows we take the spectral function I tk in the form of the quasiparticle approxima-
tion. Turning into the number density of transverse soft gluonsN tk (= − (2π)
3 2ωtkZ
−1
t (k)I
t
k),
we finally obtain a substitution rule for the spectral density Iµµ′(k):
Iµµ′(k)→
1
(2π)3
(
Zt(k)
2ωtk
)[
N tk δ(k
0 − ωtk) +N
t
−kδ(k
0 + ωtk)
]
(8.11)
×
∑
ξ=1,2
e∗ i(kˆ, ξ) ei
′
(kˆ, ξ).
To take into account weak non-homogeneity and slow evolution of the medium in time,
it is sufficient to replace (within the accuracy accepted) the equilibrium number density
N tk by off-equilibrium one in the Wigner form slowly depending on x = (t,x).
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For the ‘color’ factor with the Grassmann charges considering δ bb
′
in (8.10), we have
θ†j0 (t
btb)jj
′
θj
′
0 = CFθ
†j
0 θ
j
0 ≡ CF Cθ.
The exact value (more precisely, the values) of the constant Cθ will be defined in the next
section. Here we only need to know that Cθ < 0. Substituting (8.10), (8.11) into Eq. (8.9),
performing integration with respect to dk′ and dk0, and making use of the relation
[ δ(v · (k − q))]2 =
τ
2π
δ(v · (k − q)),
we finally obtain an expression for the desired emitted power instead of (8.9)
− g4CF Cθ
(∫
|p| 2 d|p|
2π2
[
fQp + f
G
p
])∫ dΩv
4π
∫
dq
(2π)3
dk
(2π)3
ω+qN
t
k
(
Z+(q)
2
)(
Zt(k)
2ωtk
)
(8.12)
×
∑
λ=±
∑
ξ=1, 2
{[
e∗ i(kˆ, ξ)K¯(Q)iα (v, χ¯| k,−q)uα(qˆ, λ)
][
u¯α′(qˆ, λ)K
(Q)i′
α′ (v, χ| k,−q)e
i′(kˆ, ξ)
]
+
[
e∗ i(−kˆ, ξ)K¯(Q)iα (v, χ¯| −k, q)vα(−qˆ, λ)
][
v¯α′(−qˆ, λ)K
(Q)i′
α′ (v, χ| −k, q)e
i′(−kˆ, ξ)
]}
on−shell
× 2πδ(ω+q − ω
t
k − v · (q− k)).
In deriving this equation we have omitted the contribution containing the delta-function
δ(ω+q +ω
t
k−v · (q+k)). It defines the processes of simultaneous emission (absorption) of
soft-quark and soft-gluon excitations by hard particle. For the second term in braces we
have made replacements of variables: q → −q, k → −k (ω+q → ω
+
q , ω
t
k → ω
t
k). Now we
introduce the following matrix elements for soft-quark – hard-particle and soft-antiquark –
hard-particle ‘inelastic’ scattering, respectively
M
(+, t)
λξ (v, χ|q;k) ≡ g
2 (CF |Cθ|)
1/2
(
Z+(q)
2
)1/2(
Zt(k)
2ωtk
)1/2
(8.13)
×
[
u¯α(qˆ, λ)K
(Q)i
α (v, χ| k,−q)e
i(kˆ, ξ)
]
on−shell ,
M¯
(+, t)
λξ (v, χ|q;k) ≡ g
2 (CF |Cθ|)
1/2
(
Z+(q)
2
)1/2(
Zt(k)
2ωtk
)1/2
(8.14)
×
[
v¯α(−qˆ, λ)K
(Q)i
α (v, χ| − k, q)e
i(−kˆ, ξ)
]
on−shell
.
Confronting expression obtained (8.12) with the corresponding terms in (8.5), one iden-
tifies the desired probabilities w (+; t)q→g and w
(+; t)
q¯→g :
w (+, t)q→g (p|q;k) =
∑
λ=±
∑
ξ=1, 2
∣∣∣M(+, t)λξ (v, χ|q;k)∣∣∣2 , (8.15)
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w
(+, t)
q¯→g (p|q;k) =
∑
λ=±
∑
ξ=1, 2
∣∣∣M¯(+, t)λξ (v, χ|q;k)
∣∣∣2 .
The probabilities of the scattering processes with (anti)plasmino and plasmon are obtained
from (8.13) – (8.15) with the help of corresponding replacements such as
(
Z+(q)
2
)1/2
uα(qˆ, λ)→
(
Z−(q)
2
)1/2
vα(qˆ, λ), (8.16)
(
Zt(k)
2ωtk
)1/2
ei(kˆ, ξ)→
(
Zl(k)
2ωlk
)1/2(
u¯µ(k)√
u¯2(k)
)
,
etc. and proper choice of mass-shell conditions on the right-hand side of Eqs. (8.13),
(8.14).
Now we turn to deriving the probabilities for the elastic scattering of soft-quark and
soft-antiquark modes off the hard test particle. As in the previous case we restrict our
consideration only to the normal quark excitations. In the second term on the right-hand
side of (8.8) we perform the following replacements:
˜¯η
i b
α (v, χ¯| − q)→ ˜¯η
(1)i b
α (ψ¯
(0))(−q), η˜ i b
′
α′ (v, χ| q)→ η˜
(1) i b′
α′ (ψ
(0))(q),
where the effective sources ˜¯η
(1)i b
α , η˜
(1)i b′
α′ are defined by Eqs. (5.16), (5.17) and (4.3), (5.15)
correspondingly. As a result of this kind replacement the second term on the right-hand
side of Eq. (8.8) is written in the following form:
1
2π
g4 lim
τ→∞
1
τ
( ∑
ζ=Q, Q¯,G
∫ |p| 2 d|p|
2π2
f (ζ)p
)(
tbtb
′
)jj′∫
dQ0Q
b
0Q
b′
0
∫ dΩv
4π
(8.17)
×
∑
λ=±
∫
dq ω+q
(
Z+(q)
2
){[ (
K¯
(Q)
α′α(χ¯, χ| q,−q1)uα(qˆ, λ)
)(
u¯β(qˆ, λ)K
(Q)
ββ′ (χ, χ¯| q,−q
′
1 )
)
× δ(v · (q − q1))δ(v · (q − q
′
1 ))
]
q0 =ω+q
+
[(
K¯
(Q)
α′α(χ¯, χ| q,−q1)vα(qˆ, λ)
)(
v¯β(qˆ, λ)K
(Q)µ′
ββ′ (χ, χ¯| q,−q
′
1 )
)
δ(v·(q−q1))δ(v·(q−q
′
1 ))
]
q0=−ω+q
}
×
〈
ψ¯
(0)j
α′ (−q1)ψ
(0)j′
β′ (q
′
1 )
〉
dq1dq
′
1 .
Under the conditions of stationary and homogeneous state of QGP the correlation function
for random soft-quark field can be presented as
〈
ψ¯
(0)j
α′ (−q1)ψ
(0)j′
β′ (q
′
1 )
〉
= δjj
′
Υβ′α′(q
′
1 ) δ(q
′
1 − q1), (8.18)
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where in the spectral density Υβ′α′(q
′
1 ) we keep only the normal quark part in the form
of the quasiparticle approximation
Υβ′α′(q
′
1 )→
1
(2π)3
(
Z+(q
′
1 )
2
) ∑
λ1=±
[
uβ′(qˆ
′
1, λ1)u¯α′(qˆ
′
1, λ1)n
+
q ′
1
δ(q ′ 01 − ω
+
q ′
1
) (8.19)
+ vβ′(qˆ
′
1, λ1)v¯α′(qˆ
′
1, λ1) (1− n¯
+
−q ′
1
) δ(q ′ 01 + ω
+
q ′
1
)
]
.
Within the accepted accuracy we also can replace the equilibrium number densities
n+
q′
1
, n¯+−q′
1
by off-equilibrium ones slowly depending on x.
Furthermore, making use of the formula for color averaging (8.1), triviality in a color
space of the correlation function (Eq. (8.18)), and the equality tr(tata) = dATF , where
TF is index of the fundamental representation, we find that the color factor in (8.17)
equals TF C
(ζ)
2 , ζ = Q, Q¯, G. Taking into account the above-mentioned and performing
integration with respect to dq ′1dq
0
1, we define final expression for the desired emitted power
instead of (8.17)
g4 TF
( ∑
ζ=Q, Q¯,G
C
(ζ)
2
∫
|p|2 d|p|
2π2
f (ζ)p
)∫
dΩv
4π
∫
dq
(2π)3
∫
dq1
(2π)3
ω+q
(
Z+(q)
2
)(
Z+(q1)
2
)
×
∑
λ=±
∑
λ1 =±
{
n+q1
∣∣∣ u¯α(qˆ, λ)K(Q)αα1(χ, χ¯| q,−q1)uα1(qˆ1, λ1)
∣∣∣ 2
on−shell
(8.20)
+ (1− n¯+q1)
∣∣∣ v¯α(−qˆ, λ)K(Q)αα1(χ, χ¯| − q, q1)vα1(−qˆ1, λ1)
∣∣∣ 2
on−shell
}
× 2πδ(ω+q − ω
+
q1
− v · (q− q1)).
In deriving this expression we have dropped the contribution containing delta-function
δ(ω+q +ω
+
q1
−v · (q+q1)) and for the second term in braces we have made the replacement
of integration variables: q→ −q and q1 → −q1. We introduce the following matrix ele-
ments for soft-quark – hard-particle and soft-antiquark – hard-particle ‘elastic’ scatterings,
respectively
M
(ζ)(+,+)
λλ1
(χ, χ¯|q;q1) ≡ g
2
(
TF C
(ζ)
2
)1/2 (Z+(q)
2
)1/2(
Z+(q1)
2
)1/2
(8.21)
×
[
u¯α(qˆ, λ)K
(Q)
αα1(χ, χ¯| q,−q1)uα1(qˆ1, λ1)
]
on−shell
,
M¯
(ζ)(+,+)
λλ1
(χ, χ¯|q;q1) ≡ g
2
(
TF C
(ζ)
2
)1/2 (Z+(q)
2
)1/2(
Z+(q1)
2
)1/2
×
[
v¯α(−qˆ, λ)K
(Q)
αα1
(χ, χ¯| − q, q1)vα1(−qˆ1, λ1)
]
on−shell
.
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Comparing the expression obtained (8.20) with the corresponding terms in (8.5), we
identify the desired probabilities
w (ζ)(+,+)q→q (p|q;q1) =
∑
λ=±
∑
λ1 =±
∣∣∣M(ζ)(+,+)λλ1 (χ, χ¯|q;q1)
∣∣∣ 2 , (8.22)
w
(ζ)(+,+)
q¯→q¯ (p|q;q1) =
∑
λ=±
∑
λ1 =±
∣∣∣M¯(ζ)(+,+)λλ1 (χ, χ¯|q;q1)
∣∣∣ 2 .
These probabilities depend on type of the hard test particle (through the Casimirs C
(ζ)
2 ) on
which the scattering of soft-quark modes takes place. The probabilities of the scattering
processes with participation of plasmino and antiplasmino can be derived from (8.22),
(8.21) with the help of the corresponding replacements of the quark wave functions and
mass-shell conditions.
We demand that scattering probabilities (8.22) satisfy balance relations (2.7) for the
direct and reverse scattering processes. A straightforward calculation shows that these
relations take place only under fulfilment of the following conditions:
α∗ = α, ∗Γ(Q)µ(q − q1;−q, q1) =
∗Γ(Q)µ(q − q1; q1,−q).
The first condition implies that the constant α in definition of additional source (5.14)
is real. The second condition holds only when the linear Landau damping of soft-quark
on-shell excitations is absent in the medium.
9 Structure of scattering probability w (f ; b)q→g . Determi-
nation of constant Cθ
In this section we consider in more details a structure of the scattering probability
w (f ; b)q→g (v; q,k) obtained in the previous section and define also an explicit value of the
constant Cθ (≡ θ
†i
0 θ
i
0). Here we make use some results of our early work [2]. For the
sake of convenience of further references all required formulae from this work are given in
Appendix F.
First of all we recall that in the paper [2] the scattering probability of plasmino off
hard parton with transition to plasmon w (−; l)q→g (v|q;k) was defined in a different way by a
direct calculation of the following expression:
ImSp
[
∗Γ˜(Q)a1a2, ijµ1µ2 (k1, k2; q1,−q) δ
a1a2 u¯µ1(k1)u¯
µ2(k2) h−(qˆ)
]
k1=−k2=k, q1=q
,
where ‘Sp’ denotes the Dirac trace and u¯µ(k) is the longitudinal projector in the covariant
gauge (Eq. (C.6)). The effective amplitude ∗Γ˜(Q)a1a2, ijµ1µ2 was defined in Paper I (Eq. (I.4.9)).
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The amplitude determines the elastic scattering process of soft-quark excitation on soft-
gluon excitation without momentum-energy exchange with hard thermal partons. Within
the framework of the approach [2] for description of the scattering process under consid-
eration there was no necessity to introduce the Grassmann color charges θ†i0 and θ
i
0 of
hard parton (and consequently, the constant Cθ). Comparing, for example, the kinetic
equations for the plasmino number density n−q obtained in these two approaches, one can
define unknown constant Cθ. However, preliminary we recast the scattering probability
w (−; l)q→g in the form suggested in Ref. [2]. This makes it possible in particular correctness of
unusual at first sight structure of the scattering kernel Q(q,k) given by Eqs. (F.9) – (F.11)
to be independently proved.
At the beginning we write out an explicit form of the matrix elements defining the
scattering processes of plasmino and antiplasmino off hard parton with the subsequent
transition in plasmon. For this purpose we perform replacements (8.16) in Eqs. (8.13),
(8.14) and relevant replacements of the mass-shell conditions. Here it is more convenient
to use the temporal gauge. This means that in last replacement in Eq. (8.16) instead of
the projector u¯µ(k) it is necessary to use the projector u˜µ(k) ≡ k2(uµ(k · u)− kµ)/(k · u).
In the rest system uµ = (1, 0, 0, 0), we get
M
(−, l)
λ (v, χ|q;k) ≡ g
2 (CF |Cθ|)
1/2
(
Z−(q)
2
)1/2(
Zl(k)
2ωlk
)1/2(
k2
k2(ωlk)
2
)1/2
(9.1)
×
[
v¯α(qˆ, λ)
(
K(Q)iα (v, χ| k,−q)k
i
)]
on−shell ,
M¯
(−, l)
λ (v, χ|q;k) ≡ g
2 (CF |Cθ|)
1/2
(
Z−(q)
2
)1/2(
Zl(k)
2ωlk
)1/2(
k2
k2(ωlk)
2
)1/2
(9.2)
×
[
u¯α(−qˆ, λ)
(
K(Q)iα (v, χ| − k, q)(−k
i)
)]
on−shell .
Let us consider at first matrix element (9.1). Making use of the definition of the coefficient
function K(Q)µα , Eq. (4.6), we write out the function v¯α(qˆ, λ)(K
(Q)i
α k
i) in an explicit form
(for the sake of brevity we suppress spinor indices)
(v · k)
v · q
(v¯(qˆ, λ)χ)− v¯(qˆ, λ)[ ∗Γ(Q)i(k; q − k,−q)ki ] ∗S(q − k)χ =
(v · k)
v · q
(v¯(qˆ, λ)χ) (9.3)
+ v¯(qˆ, λ)
[
h−(ˆl)(
∗Γ i+k
i)+h+(ˆl)(
∗Γ i−k
i)−2h−(qˆ) l
2|q|(∗Γ i⊥k
i)
][
h+(ˆl)
∗∆+(l)+h−(ˆl)
∗∆−(l)
]
χ ,
where l ≡ q − k. On the right-hand side of the last equation we have used expansion
(F.3) for the vertex ∗Γ(Q)i, the properties (F.2), and the representation of the soft-quark
propagator ∗S(l) in the form of an expansion in terms of the spinor projectors h±(qˆ). Now
we multiply together two expressions in square brackets taking into account the property
of nilpotency h±(ˆl)h±(ˆl) = 0 and the fact that the wave function v¯(qˆ, λ) satisfies the
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equation v¯(qˆ, λ)h−(qˆ) = 0. As a result we obtain the second term on the right-hand side
of Eq. (9.3) in more simple and symmetric form:[
v¯(qˆ, λ)h−(ˆl)h+(ˆl)χ
]
(∗Γ i+k
i) ∗∆+(l) +
[
v¯(qˆ, λ)h+(ˆl)h−(ˆl)χ
]
(∗Γ i−k
i) ∗∆−(l).
Let us emphasize that the simplification is a direct consequence of a choice of the expansion
(F.3) for convolution ∗Γ(Q)iki. The first term on the right-hand side of Eq. (9.3) can be
also written down in a symmetric form with respect to the matrixes h±(ˆl) if we use an
identity
1 = h−(ˆl)h+(ˆl) + h+(ˆl)h−(ˆl). (9.4)
Furthermore, we collect similar terms and square of the absolute value of the expression
(9.3). Summing over polarization states of soft-quark excitations, we obtain an initial
expression for the subsequent analysis( ∑
λ=±
| v¯(qˆ, λ)h−(ˆl)h+(ˆl)χ|
2
)∣∣∣M(−, l)+ (q,k)∣∣∣ 2+
( ∑
λ=±
| v¯(qˆ, λ)h+(ˆl)h−(ˆl)χ|
2
)∣∣∣M(−, l)− (q,k)∣∣∣ 2
+ 2
∑
λ=±
Re
{
[v¯(qˆ, λ)h−(ˆl)h+(ˆl)χ][v¯(qˆ, λ)h+(ˆl)h−(ˆl)χ]
∗M
(−, l)
+ (q,k)M
∗ (−, l)
− (q,k)
}
,
(9.5)
where
M
(−, l)
± (q,k) ≡
v · k
v · q
+ ∗∆±(l)
(
∗Γ i±(k; l,−q)k
i
)
. (9.6)
Let us define an explicit form of coefficients of the scalar amplitudes M
(−, l)
± (q,k).
At first we consider the coefficient of |M
(−, l)
+ (q,k)|
2. Taking into account identity (9.4)
and definition of density matrix for a fully unpolarized state of the hard test (anti)quark
(Eq. (C.2)), we have the following chain of equalities:
∑
λ=±
| v¯(qˆ, λ)h−(ˆl)h+(ˆl)χ|
2 = −χ¯h−(ˆl)h+(ˆl)h−(qˆ)h−(ˆl)h+(ˆl)χ+ χ¯h−(qˆ)h−(ˆl)h+(ˆl)χ
= −
1
2E
{
Sp
[
h−(ˆl)h+(ˆl)h−(qˆ)h−(ˆl)h+(ˆl)̺(v)
]
− Sp
[
h−(qˆ)h−(ˆl)h+(ˆl)̺(v)
]}
(9.7)
= −
1
2E
{
1
2
(v · (ˆl× (qˆ× lˆ))−
1
2
ρ+(v; qˆ, lˆ)
}
,
where the function ρ+(v; qˆ, lˆ) is defined by Eq. (F.10). The coefficient of |M
(−, l)
− (q,k)|
2
in (9.5) is defined from the coefficient above by formal replacement lˆ→ −lˆ. This reduces
to a simple replacement ρ+ → ρ− on the rightmost expression in Eq. (9.7). Finally, it is
not difficult to see that calculation of the coefficient in the interference term of Eq. (9.5)
is reduced to calculation of the first trace on the second line of Eq. (9.7) and therefore it
is equal to
−
1
2
(v · (ˆl× (qˆ× lˆ))
(
≡ −
1
2
σ(v; qˆ, lˆ)
)
.
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Taking into account the above-mentioned and collecting similar terms at the function
σ(v; qˆ, lˆ), we define instead of (9.5)
1
2E
{
1
2
ρ+(v; qˆ, lˆ)
∣∣∣M(−, l)+ (q,k)∣∣∣ 2 + 12 ρ−(v; qˆ, lˆ)
∣∣∣M(−, l)− (q,k)∣∣∣ 2 (9.8)
−
1
2
σ(v; qˆ, lˆ)
∣∣∣M(−, l)+ (q,k)−M(−, l)− (q,k)∣∣∣ 2
}
.
A structure of this expression differs from a structure of the integrand of the scattering
kernel (F.9) only by the last term with the coefficient σ(v; qˆ, lˆ). However, this term
vanishes (see below) when we average over the directions of the velocity v of the hard test
parton. Thus we have proved by another way a correctness of a structure of the scattering
kernel Q(q,k) obtained in [2] by a direct calculation of the imaginary part of the effective
amplitude for the plasmino-plasmon elastic scattering.
Now we turn our attention to matrix element (9.2) defining the scattering process with
participation of antiplasmino. By using a property of the coefficient function K(Q)µ:
K(Q)µ(v, χ| − k, q) = γ0
[
K¯(Q)µ(v, χ¯| − k, q)
]†
and definition of the (Dirac) conjugate coefficient function K¯(Q)µ, Eq. (4.9), we find that
the modulus squared of expression in braces in matrix element (9.2) can be written in the
following form:
∣∣∣∣∣(v · k)v · q (χ¯ u(−qˆ, λ))− χ¯ ∗S(q − k)[ ∗Γ(Q)i(k; q − k,−q)ki]u(−qˆ, λ)
∣∣∣∣∣
2
.
The advantage of this representation consists in the fact that both the propagator and
vertex here have the same signs at momenta as on the left-hand side of Eq. (9.3). This
enables us at once to perform calculations fully similar to previous ones and show that
finally we lead to the same expression (9.8). Thus the scattering probabilities of plasmino
and antiplasmino off the hard test particle are equal among themselves when the hard
test particle is in fully unpolarized state, i.e.,
w (−; l)q→g (p|q;k)
∣∣∣
unpol.
= w
(−; l)
q¯→g (p|q;k)
∣∣∣
unpol.
. (9.9)
It is evident that this conclusion is valid and for the scattering processes with participation
of soft normal quark and soft transverse gluon modes.
Let us consider now a question of determining the constant Cθ. For this purpose we
rewrite kinetic equation (2.1) for f = − in the following form:
∂n−q
∂t
+ v−q ·
∂n−q
∂x
= Γ
(−)
i [n
±
q , N
t, l
k , f
G,Q
p ]− n
−
q
{
Γ
(−)
i [n
±
q , N
t, l
k , f
G,Q
p ] + Γ
(−)
d [n
±
q , N
t, l
k , f
G,Q
p ]
}
.
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The first and second terms on the right-hand side define the spontaneous and induced
scattering processes correspondingly. Here we are interested in the second term. This
term is precisely one, which necessary for comparing with the right-hand side of the
kinetic equation (F.7). Within the framework of approximations listed at the end of
Section 2 this term equals
− 2n−q
{∫
|p| d|p|
4π2
[
fQp + f
G
p
] ∫ dΩv
4π
∫
dT (−; l)q→g w
(−; l)
q→g (v|q;k)N
l
k + . . .
}
, (9.10)
where the dots denote the contributions of higher order in the coupling and the contribu-
tion containing soft gluon transverse mode. We have somewhat redefined the scattering
probability, having explicitly separated dependence on E = |p|, setting by definition
w (−; l)q→g (p|q;k) =
1
2E
w (−; l)q→g (v|q;k).
For the global equilibrium plasma statistical factor is equal to
∫
|p| d|p|
4π2
[
fQp + f
G
p
]
=
T 2
8
.
Furthermore, the scattering probability w (−; l)q→g up to kinematic factors equals expression
obtained (9.8). From the definitions of the scalar amplitudes M
(−, l)
± (q,k) it follows that
the differenceM
(−, l)
+ (q,k)−M
(−, l)
− (q,k) is independent of the velocity v of hard parton.
Therefore substituting (9.8) into (9.10) and considering definition of the measure of inte-
gration
∫
dT (−; l)q→g (Eq. (2.6) with approximation (2.8)) we find that the last term in (9.8)
gives contribution proportional to the integral
∫ dΩv
4π
(v · (ˆl× (qˆ× lˆ)) δ(ω−q − ω
l
k − v · (q− k)) ∼ (l · (ˆl× (qˆ× lˆ)) = 0.
Considering the above-mentioned and comparing the term written out explicitly in (9.10)
with the term on the right-hand side of the kinetic equation (F.7), we find that
Cθ = −CF .
From the other hand we have kinetic equation (F.8) determining a change of the
plasmon number density N lk. It contains on the right-hand side the same scattering
kernel Q(q,k) as the first equation (F.7) with different common color multiplier. For
determining a connection of this equation with kinetic equation (2.2), we write the last
one for b = l rearranging the terms on the right-hand side:
∂N lk
∂t
+ vlk ·
∂N lk
∂x
= Γ
(l)
i [n
±
q , N
t, l
k , f
G,Q
p ] +N
l
k
{
Γ
(l)
i [n
±
q , N
t, l
k , f
G,Q
p ]− Γ
(l)
d [n
±
q , N
t, l
k , f
G,Q
p ]
}
.
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Here we are also interested only in the last term since it is necessary for comparing with
the right-hand side of kinetic equation (F.8). Within the framework of the approximation
used for Eq. (9.10) this term is equal to
2N lk
{∫
|p| d|p|
4π2
[
fQp + f
G
p
] ∫ dΩv
4π
∫
dT (l;−)g→q w
(l;−)
g→q (v|k;q)n
−
q + . . .
}
, (9.11)
where ∫
dT (l;−)g→q ≡
∫
dq
(2π)3
2π δ(ωlk − ω
−
q − v · (k− q)).
As the scattering probability w (l;−)g→q (v|k;q) here we mean the same expression (9.8).
Carrying out reasonings completely similar previous ones and comparing the term written
out in (9.11) with the term on the right-hand side of Eq. (F.8), we find in this case
Cθ = −nfTF .
Thus we have a simple rule: the constant Cθ entering into definition of various probabilities
in soft-quark decay and regenerating rates (2.4), (2.5) should be considered equal to (−CF ),
and in the probabilities of the soft-gluon decay and regenerating rates in kinetic equation
(2.2) it should be set equal to (−nfTF ). The last case is rather obvious since the factor nf
takes into account the number of possible with respect to flavour channels of interaction
of the soft-gluon excitations with soft-quark ones.
One can somewhat extend the previous results if we consider the scattering of soft-
quark excitations off hard particle taking place in a partial polarization state. In this case
instead of polarization matrix (C.2) we should use more general expression [13]
̺ = ̺(v, ~ζ ) =
1
2
(v · γ)
[
1 + γ5(± ζ‖ + ~ζ⊥ · ~γ⊥)
]
, (9.12)
where γ5 = −iγ0γ1γ2γ3. The sign (+) concerns to quark and the sign (−) belongs to
antiquark. The vector ~ζ is a double average value of a spin vector in the frame of rest
of the test particle. ζ‖ is the vector component parallel to (for ζ‖ > 0) or antiparallel
(for ζ‖ < 0) to the momentum of particle; ~ζ⊥ = ~ζ − v (v · ~ζ ). Now we return to the
problem of calculation of the coefficients in Eq. (9.5). The simple calculations show that
basic expression (9.8) remains invariable here, additional interference term only appears
∓ ζ‖
(v · n)
|q||l|
Im
{
M
(−, l)
+ (q,k)M
∗(−, l)
− (q,k)
}
. (9.13)
The expression obtained (9.13) suggests that if the hard test particle is in a partial polar-
ization state, then the scattering probability of plasmino off hard gluon with transforma-
tion to plasmon and hard quark (the process qG→ gQ) in general case is not equal to the
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scattering probability of annihilation of plasmino with hard antiquark into plasmon and
hard gluon (the process qQ¯ → gG). Nevertheless, it is easy to see taking into account a
definition of the functions M
(−, l)
± in integrating expression (9.13) over
∫
dΩv
4π
δ(ω−q − ω
l
k − v · (q− k)),
this additional contribution vanishes. For this reason in the semiclassical approximation
in definition of generalized decay and regenerating rates (2.4), (2.5) we did not make
distinction between the scattering processes such as mentioned above and thus we have
collected the statistical factors fGp
(
1− fQp′
)
and f Q¯p
(
1 + fGp′
)
together.
If we consider the scattering process with participation of antiplasmino (q¯), then we
result in the fact that the scattering probability w
(−; l)
q¯→g will be proportional not to a sum
of two expressions (9.8) and (9.13) but to their difference. Therefore instead of equality
(9.9) we have more nontrivial statements
w
(−; l)
qQ¯→gG
(v|q;k) = w
(−; l)
q¯Q→gG(v|q;k),
w
(−; l)
qG→gQ(v|q;k) = w
(−; l)
q¯G→gQ¯
(v|q;k).
10 Energy losses of energetic parton
In this section we give general formulae defining energy losses of high-energy parton (quark
or gluon) traversing the hot QCD medium induced by scattering off soft-quark excitations.
These formulae supplement expression for energy loss generated by the effective current
j˜AaQµ[A
(0)](k) (Eq. (7.5) in Ref. [6]) and thus enables us to obtain complete (within a frame-
work of semiclassical approximation) expressions for the energy losses of the energetic
parton.
As a basic formula for parton energy losses per unit length generated by the effective
current j˜Ψaµ (v, χ;Q0, θ0| k) and effective source η˜
i
α(v, χ;Q0, θ0| q) we accept the following
expression
−
dE
dx
=
(
−
dE
dx
)
B
+
(
−
dE
dx
)
F
,
where (
−
dE
dx
)
B
≡ −
1
|v|
lim
τ→∞
(2π)4
τ
∫
dQ0
∫
k0dk0dk (10.1)
{
Im(∗∆t(k))
∑
ξ=1, 2
〈∣∣∣ j˜Ψaµ (v, χ;Q0, θ0| k)·e(kˆ, ξ)
∣∣∣ 2〉+ k2
k20
Im(∗∆l(k))
〈∣∣∣ j˜Ψaµ (v, χ;Q0, θ0| k)·kˆ
∣∣∣ 2〉},
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and (
−
dE
dx
)
F
≡
1
|v|
lim
τ→∞
(2π)4
τ
∑
λ=±
∫
dQ0
∫
q0dq0dq (10.2)
×
{
Im(∗∆+(q)) 〈| u¯(qˆ, λ)η˜
i(v, χ;Q0, θ0| q)|
2〉 + Im(∗∆−(q)) 〈| v¯(qˆ, λ)η˜
i(v, χ;Q0, θ0| q)|
2〉
}
.
The right-hand side of Eq. (10.1) has been written in the temporal gauge.
First of all we write the expression for the energy loss associated with the initial
Grassmann color source η
(0) i
θ α (q) = g/(2π)
3θi0 χαδ(v · q). Substituting this source into
Eq. (10.2) and taking into account
∑
λ=±
| u¯(qˆ, λ)χ| 2 =
1
2E
Sp [ h+(qˆ)̺(v)] =
1
2E
(1− v · qˆ) ,
∑
λ=±
| v¯(qˆ, λ)χ| 2 =
1
2E
Sp [ h−(qˆ)̺(v)] =
1
2E
(1 + v · qˆ) ,
we obtain the energy loss to a zeroth-order in the soft fields(
−
dE(0)
dx
)
F
=
1
2E
1
|v|
(
Cθαs
2π2
)∫
q0dq0dq Im
[
Sp(̺(v) ∗S(q))
]
δ(v · q) (10.3)
=
1
2E
1
|v|
(
Cθαs
2π2
)∫
q0dq0dq
{
(1− v · qˆ) Im(∗∆+(q)) + (1 + v · qˆ) Im(
∗∆−(q))
}
δ(v · q),
where αs = g
2/4π. The equation (10.3) defines so-called the polarization losses of energetic
parton related to large distance collisions. It supplements the known expression for the
polarization losses [7] induced by the ‘elastic’ scattering off hard thermal particles through
the exchange of soft virtual gluon. The graphic interpretation of ‘inelastic’ polarization
losses (10.3) is presented in Fig. 12. The energy losses (10.3) decrease with the parton
energy E as 1/E. Such suppression results in the fact that polarization losses (10.3)
are negligible in comparison with usual ones [7] for asymptotically large parton energy.
Nevertheless we can hope that contribution (10.3) is important for intermediate values of
E.
The polarization losses give a leading contribution in the coupling constant, provided
that the QGP is in thermal equilibrium. However, we can expect that for rather high
level of intensity of plasma excitations8 contributions to energy losses associated with the
following terms in expansions of the effective current j˜Ψaµ and source η˜
i
α become comparable
with the polarization losses. Therefore these contributions to an overall balance of energy
losses should be taken into account. Below we write out general expressions for the energy
losses to the next-to-leading order.
8The level of intensity of plasma excitations is defined by values of the soft-quark and soft-gluon
occupation numbers.
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Figure 12: The energy losses induced by the long-distance collision processes wherein a change
of a type of the energetic parton takes place. The dotted lines denote thermal partons absorbing
virtual soft-quark excitation.
In present and forthcoming sections we restrict our consideration to the analysis of
expression (10.2). The analysis of expression (10.1) will be given in Section 12. Let us
take the effective sources η˜ ibα and η˜
ij
α on the right-hand side of the last equation in (8.2)
up to the second order approximation in powers of the soft free fields A(0), ψ¯(0) and ψ(0):
η˜ ibα (v, χ| q) ≃ η˜
(1) ib
α (ψ
(0))(q) + η˜(2)ibα (A
(0), ψ(0))(q), (10.4)
η˜ ijα (v, χ| q) ≃ δ
ijη
(0)
θ α(q) + η˜
(1) ij
α (A
(0))(q) +
[
η˜(2)ijα (ψ¯
(0), ψ(0))(q) + η˜(2)ijα (A
(0), A(0))(q)
]
,
η
(0)
θ α(q) ≡
g
(2π)3
χαδ(v · q).
Here, in the first line the effective sources η˜(1) ibα (ψ
(0)), η˜(2)ibα (A
(0), ψ(0)) are defined by
Eqs. (4.3), (5.15) and (6.8), (6.9). The effective source η˜(1) ijα (A
(0)) in the second line is
given by Eqs. (4.7), (4.6) and higher order effective sources η˜(2)ijα (ψ¯
(0), ψ(0)), η˜(2)ijα (A
(0), A(0))
are defined by Eqs. (6.6), (6.7) and (6.10), (B.1), respectively. Substituting (10.4) into
(10.2), we find second in importance contribution after (10.3) to expression for the energy
losses of the energetic parton. We write down this expression as a sum of two different in
structure (and physical meaning) parts:(
−
dE(1)
dx
)
F
=
(
−
dE(1)
dx
)
diag
+
(
−
dE(1)
dx
)
nondiag
,
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where ‘diagonal’ part equals
(
−
dE(1)
dx
)
diag
= −
(2π)3
|v|
C
(ζ)
2 TF
(
αs
2π2
)2 ∑
λ, λ1=±
∫
q0dq dq1 (10.5)
×
{
Im(∗∆+(q))
[
Υ˜+(q1, x)| u¯α(qˆ, λ)K
(Q)
αα1(χ, χ¯| q,−q1)uα1(qˆ1, λ1)|
2
+ Υ˜−(q1, x)| u¯α(qˆ, λ)K
(Q)
αα1
(χ, χ¯| q,−q1)vα1(qˆ1, λ1)|
2
]
+
(
∗∆+(q)→
∗∆−(q), u¯(qˆ, λ)→ v¯(qˆ, λ)
)}
δ(v · (q − q1))
+
(2π)3
|v|
CθCF
(
αs
2π2
)2 ∑
λ=±
∫
q0dq dk
×
{
Im(∗∆+(q))
[
I t(k, x)
∑
ξ=1, 2
| u¯α(qˆ, λ)K
(Q)i
α (v, χ| k,−q)e
i(kˆ, ξ)| 2
+ I l(k, x)
(
k2
k20
)
| u¯α(qˆ, λ)K
(Q)i
α (v, χ| k,−q)kˆ
i| 2
]
+
(
∗∆+(q)→
∗∆−(q), u¯(qˆ, λ)→ v¯(qˆ, λ)
)}
δ(v · (q − k)),
and in turn ‘nondiagonal’ part equals
(
−
dE(1)
dx
)
nondiag
= −2
(2π)3
|v|
(θ†j0 θ
j′
0 )
(
αs
2π2
)2 ∑
λ, λ1=±
∫
q0dq dq1
[
Im(∗∆+(q)) (10.6)
×
{
Υ˜+(q1, x) Re
[
(χ¯ u(qˆ, λ))
(
u¯α(qˆ, λ)u¯α1(qˆ1, λ1)K
(Q)jiij′
αα1α2
(χ, χ, χ¯| q, q1;−q1)uα2(qˆ1, λ1)
)]
+ Υ˜−(q1, x) Re
[
(χ¯ u(qˆ, λ))
(
u¯α(qˆ, λ)v¯α1(qˆ1, λ1)K
(Q)jiij′
αα1α2
(χ, χ, χ¯| q, q1;−q1)vα2(qˆ1, λ1)
)]}
+
(
∗∆+(q)→
∗∆−(q), u(qˆ, λ)→ v(qˆ, λ), u¯(qˆ, λ)→ v¯(qˆ, λ)
)]
δ(v · q)
+
(2π)3
|v|
(θ†j0 θ
j′
0 )
(
αs
2π2
)2 ∑
λ=±
∫
q0dq dk
[
Im(∗∆+(q))
×
{
I t(k, x)
∑
ξ=1, 2
Re
[
(χ¯ u(qˆ, λ))
(
u¯α(qˆ, λ)K
(Q)aa, jj′
ii′, α (v,v, χ| q ;−k, k) e
∗i(kˆ, ξ)ei
′
(kˆ, ξ)
)]
+ I l(k, x)
(
k2
k20
)
Re
[
(χ¯ u(qˆ, λ))
(
u¯α(qˆ, λ)K
(Q)aa, jj′
ii′, α (v,v, χ| q ;−k, k) kˆ
ikˆi
′
)]}
+
(
∗∆+(q)→
∗∆−(q), u(qˆ, λ)→ v(qˆ, λ), u¯(qˆ, λ)→ v¯(qˆ, λ)
)]
δ(v · q).
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In deriving (10.5), (10.6) we have used the following decompositions of the spectral den-
sities on the right-hand side of Eqs. (8.10) and (8.19)
Υ(q) = h+(qˆ)Υ˜+(q, x) + h−(qˆ)Υ˜−(q, x),
Iµν(k) = Pµν(k)I
t(k, x) + Q˜µν(k)I
l(k, x),
where longitudinal projector Q˜µν(k) in the last equation is determined in the temporal
gauge. The dependence on x takes into account weak non-homogeneity and slow evolution
of the medium in time.
The diagonal part (10.5) is not vanishing both for the scattering of the high-energy
parton off on-shell and off-shell soft-quark and soft-gluon excitations. In the first case
by using the quasiparticle approximation for the spectral densities Υ˜±(q1, x), I
t(k, x) and
I l(k, x) the integrand in (10.5) can be expressed in terms of the scattering probabilities
w (ζ)(f ; f1)q→q (v|q,q1), w
(f ; b)
q→g (v|q,k), etc. determined in Section 8. The nondiagonal part
(10.6) is different from zero only for the scattering processes by off-shell soft plasma
excitations. In the following section we discuss this contribution in full measure.
11 ‘Nondiagonal’ contribution to energy losses
At the beginning we consider the latter contribution in Eq. (10.6) proportional to the
gluon spectral densities I t and I l. For this purpose we note first of all that taking into
account color decomposition (I.5.19) for the HTL-induced vertex δΓ(Q)a1a2µ1µ2 , we can present
the coefficient function (B.1) in the following form
K(Q)a1a2, ijµ1µ2, α (v,v, χ| q;−k1,−k2) =
1
2
{ta1, ta2}ijK(S)µ1µ2, α(v,v, χ| q;−k1,−k2) (11.1)
+
1
2
[ ta1, ta2 ] ijK(A)µ1µ2, α(v,v, χ| q;−k1,−k2),
where the functions K(S,A)µ1µ2, α possess the properties
K(S,A)µ1µ2, α(v,v, χ| q;−k1,−k2) = ±K
(S,A)
µ2µ1, α(v,v, χ| q;−k2,−k1).
The explicit form of these functions can be easily recovered by (B.1). The coefficient
function in the integrand in the last term of (10.6) can be written, in view of (11.1), as
K
(Q)aa, jj′
ii′, α (v,v, χ| q;−k, k) = δ
jj′CF K
(S)
ii′, α(v,v, χ| q;−k1,−k2)
∣∣∣
k1=−k2=k
, (11.2)
where
K
(S)
ii′, α(v,v, χ| q;−k1,−k2)
∣∣∣
k1=−k2=k
= −T
(S)
ii′, αβ(k,−k; q,−q)
∗Sββ′(q)χβ′ (11.3)
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−
1
(v · k)2
vi vi′χα −
1
(v · k)
vi
∗Γ
(Q)
i′, αβ(−k; q + k,−q)
∗Sββ′(q + k)χβ′
+
1
(v · k)
vi′
∗Γ
(Q)
i, αβ(k; q − k,−q)
∗Sββ′(q − k)χβ′ .
The function T
(S)
ii′ in (11.3) is defined by Eq. (I.5.23). We recall that this function and
also T
(A)
ii′ enter into the matrix elements of the elastic scattering process of soft-quark
excitation off soft-gluon excitation and the process of quark-antiquark annihilation into
two soft-gluon excitations with different parity of state of final two – soft-gluon system.
The symbols S and A belong to states of two gluons being in even and odd states cor-
respondingly (in the c.m.s. of these gluons). The decomposition (11.1) suggests that the
scattering process of soft-quark excitation off hard parton with the subsequent radiation of
two soft-gluon excitations proceed through two physical independent channels determined
by a parity of final two – (soft) gluon system.
Furthermore, the coefficient function K(Q)jiij
′
αα1α2 in the former contribution on the right-
hand side of (10.6) according to definition (6.7) has the following structure:
K(Q)jiij
′
αα1α2
(χ, χ, χ¯| q, q1;−q1) = δ
jj′CF
{
−M
(S)
αα1α2β
(−q,−q; q1, q1)
∗Sββ′(q)χβ′ (11.4)
+ β1
1
(v · q1)2
χαχα1χ¯α2 +
1
(v · q1)
χα1
∗Γ(Q)µαα2 (q − q1; q1,−q)
∗Dµν(q − q1)v
ν
}
,
where
M
(S)
αα1α2β
(−q,−q; q1, q1) ≡
∗Γ(Q)µαα2 (q − q1; q1,−q)
∗Dµν(q − q1)
∗Γ
(G)ν
α1β
(q − q1; q1,−q).
Here we note also that the function M
(S)
αα1α2β
enters into the matrix element of the elastic
scattering process of soft-quark excitation off soft-(anti)quark one (Section 6 in Paper I).
The symbol S means that in nondiagonal contribution (10.6) only ‘symmetric’ part of
the function Mαα1α2α3 connected with even parity of final state of soft-quark quasiparticle
system survives. For subsequent purposes we present the soft-quark propagator ∗Sββ′(q)
in the first terms on the right-hand side of Eqs. (11.3) and (11.4) in an identical form
∗Sββ′(q) =
∑
λ′=±
{
[ uβ(qˆ, λ
′)u¯β′(qˆ, λ
′)] ∗∆+(q) + [ vβ(qˆ, λ
′)v¯β′(qˆ, λ
′)] ∗∆−(q)
}
. (11.5)
Now we substitute Eqs. (11.2) – (11.4) into (10.6) and take into account the equation
written just above. We add polarization losses (10.3) to the expression obtained. After
some regrouping of the terms we obtain the following final expression:
(
−
dE(0)
dx
)
F
+
(
−
dE(1)
dx
)
nondiag
= Λ1 + Λ2.
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Here the function Λ1 is
Λ1 =
1
2E
1
|v|
Cθ
(
αs
2π2
)∫
q0dq
{
Im [∗∆+(q)]
[ ∑
λ, λ′=±
(
[ u¯(qˆ, λ′)̺(v)u(qˆ, λ)] δλλ
′
(11.6)
+Re
{
[ u¯(qˆ, λ′)̺(v)u(qˆ, λ)] Σ
(1)
++(q;λ, λ
′) ∗∆+(q)
}
+Re
{
[ v¯(qˆ, λ′)̺(v)u(qˆ, λ)] Σ
(1)
+−(q;λ, λ
′) ∗∆−(q)
})]
+Im[∗∆−(q)]
[ ∑
λ, λ′=±
(
[ v¯(qˆ, λ′)̺(v)v(qˆ, λ)] δλλ
′
+Re
{
[v¯(qˆ, λ′)̺(v)v(qˆ, λ)]Σ
(1)
−−(q;λ, λ
′)∗∆−(q)
}
+Re
{
[ u¯(qˆ, λ′)̺(v)v(qˆ, λ)] Σ
(1)
−+(q;λ, λ
′) ∗∆+(q)
})]}
δ(v · q),
where in turn we have
Σ
(1)
++(q;λ, λ
′) ≡ 2g2CF
∑
λ1=±
∫
dq1
{
Υ˜+(q1, x)
×
[
u¯α(qˆ, λ)u¯α1(qˆ1, λ1)Mαα1α2β(−q,−q; q1, q1)uα2(qˆ1, λ1)uβ(qˆ, λ
′)
]
+
(
Υ˜+(q1, x)→ Υ˜−(q1, x), u¯α1(qˆ1, λ1)→ v¯α1(qˆ1, λ1), uα2(qˆ1, λ1)→ vα2(qˆ1, λ1)
)}
− g2CF
∫
dk
{
I t(k, x)
∑
ξ=1, 2
[
u¯α(qˆ, λ)T
(S)ii′
αβ (k,−k; q,−q)uβ(qˆ, λ
′) e∗i(kˆ, ξ)ei
′
(kˆ, ξ)
]
+
(
I t(k, x)→ I l(k, x), ei(kˆ, ξ)→
√
k2
k20
kˆi
)}
.
The function Σ
(1)
+− is obtained from Σ
(1)
++ by the replacement uβ(qˆ, λ
′) → vβ(qˆ, λ
′), and
the functions Σ
(1)
−− , Σ
(1)
−+ are accordingly obtained by the replacements
u¯α(qˆ, λ)→ v¯α(qˆ, λ), uβ(qˆ, λ
′)→ vβ(qˆ, λ
′)
and u¯α(qˆ, λ)→ v¯α(qˆ, λ).
The function Λ2 is conveniently represented in the form of a sum of two parts:
Λ2 = Λ2[ Υ˜±] + Λ2[I
t, l] ,
where
Λ2[ Υ˜±] ≡ − 2
(2π)3
|v|
Cθ CF
(
αs
2π2
)2 ∑
λ, λ1=±
∫
q0dq dq1
{
Im(∗∆+(q)) (11.7)
×
[
Υ˜+(q1, x) Re
(
β1
|χ¯ u(qˆ, λ)| 2| u¯(qˆ1, λ1)χ|
2
(v · q1)2
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+
(χ¯ u(qˆ, λ))(u¯(qˆ1, λ1)χ)
(v · q1)
[ u¯(qˆ, λ) ∗Γ(Q)µ(q − q1; q1,−q)u(qˆ1, λ1)]
∗Dµν(q − q1)v
ν
)
+ Υ˜−(q1, x) Re
(
β1
|χ¯ u(qˆ, λ)| 2| v¯(qˆ1, λ1)χ|
2
(v · q1)2
+
(χ¯ u(qˆ, λ))(v¯(qˆ1, λ1)χ)
(v · q1)
[ u¯(qˆ, λ) ∗Γ(Q)µ(q − q1; q1,−q)v(qˆ1, λ1)]
∗Dµν(q − q1)v
ν
)]
+
(
∗∆+(q)→
∗∆−(q), u(qˆ, λ)→ v(qˆ, λ)
)}
δ(v · q)
and
Λ2[I
t, l] ≡
(2π)3
|v|
Cθ CF
(
αs
2π2
)2∑
λ=±
∫
q0dq dk
{
Im(∗∆+(q)) (11.8)
×
[
I t(k, x)
∑
ξ=1, 2
(
−
|(e(kˆ, ξ) · v)| 2|χ¯ u(qˆ, λ)| 2
(v · k)2
+
1
(v · k)
Re
{
(χ¯ u(qˆ, λ))(e(kˆ, ξ) · v)[ u¯(qˆ, λ) ∗Γ(Q)i(k; q − k,−q) ∗S(q − k)χ] e∗i(kˆ, ξ)
}
−
1
(v · k)
Re
{
(χ¯ u(qˆ, λ))(e∗(kˆ, ξ) ·v)[ u¯(qˆ, λ) ∗Γ(Q)i(−k; q+ k,−q) ∗S(q+ k)χ] ei(kˆ, ξ)
})
+
(
I t(k, x)→ I l(k, x), ei(kˆ, ξ)→
√
k2
k20
kˆi
)]
+
(
∗∆+(q)→
∗∆−(q), u(qˆ, λ)→ v(qˆ, λ), u¯(qˆ, λ)→ v¯(qˆ, λ)
)}
δ(v · q).
First we discuss the function Λ1. As it will be shown just below the functions
Σ++(q;λ, λ
′), Σ+−(q;λ, λ
′) etc. in the integrand of Eq. (11.6) represent nothing but the
linear in Υ˜± and I
t, l corrections to various components of the soft-quark self-energy δΣ(q)
in the HTL approximation. These corrections take into account a change of dispersion
properties of hot QCD plasma induced by the processes of nonlinear interaction of soft-
quark and soft-gluon excitations among themselves (see Paper I). For low excited state of
the plasma corresponding to level of thermal fluctuations, the corrections Σ++, Σ+−, . . .
are suppressed by more power of g in comparison with δΣ(q). However, we can expect
that in the limiting case of strong soft fields as far as possible these corrections (and
also the corrections of higher powers in Υ˜± and I
t, l) is the same order in g as the soft-
quark HTL-induced self-energy and therefore consideration of an influence of the nonlinear
self-interaction of soft excitations on the energy losses of the energetic parton becomes
necessary.
We write out an effective inverse quark propagator ∗S˜−1(q) that takes into account
additional contributions considering the nonlinear effects of self-interaction of soft plasma
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excitations
∗S˜−1(q) = ∗S−1(q)− Σ(1)[ Υ˜±, I
t, l ](q)− Σ(2)[ Υ˜±, I
t, l ](q)− . . . ,
where Σ(1), Σ(2), . . . are linear, quadratic, and so on corrections in powers of the spectral
densities Υ˜±, I
t, l. For low excited state when ∗S−1(q) ≫ Σ(1) ≫ Σ(2) ≫ . . . from this
equation to the first order in Υ˜± and I
t, l, we obtain
∗S˜(q) ≃ ∗S(q) + ∗S(q)Σ(1)[ Υ˜±, I
t, l ](q) ∗S(q) + . . . .
Taking into account (11.5) the last equation can be identically rewritten in the following
form:
∗S˜ββ′(q) ≃
∑
λ, λ′=±
[
δλλ
′
(uβ(qˆ, λ)u¯β′(qˆ, λ
′)) ∗∆+(q)
+ ∗∆+(q)(uβ(qˆ, λ)u¯β′(qˆ, λ
′)) [u¯(qˆ, λ)Σ(1)(q)u(qˆ, λ′)] ∗∆+(q)
+ ∗∆+(q)(uβ(qˆ, λ)v¯β′(qˆ, λ
′)) [u¯(qˆ, λ)Σ(1)(q)v(qˆ, λ′)] ∗∆−(q)
+
(
∗∆+(q)⇀↽
∗∆−(q), u(qˆ, λ)⇀↽ v(qˆ, λ), u(qˆ, λ
′) ⇀↽ v(qˆ, λ′), . . .
)]
.
Hereinafter, we designate for brevity Σ(1)(q) ≡ Σ(1)[ Υ˜±, I
t, l ](q). We convolve this ex-
pression with χβχ¯β′ and take the imaginary part
Im
(
χ¯ ∗S˜(q)χ
)
=
1
2E
Im
[
Sp
(
̺(v) ∗S˜(q)
)]
=
1
2E
Im ( ∗∆+(q))
∑
λ, λ′=±
{
δλλ
′
[u¯(qˆ, λ′)̺(v)u(qˆ, λ)] (11.9)
+Re
(
[u¯(qˆ, λ′)̺(v)u(qˆ, λ)] [u¯(qˆ, λ)Σ(1)(q)u(qˆ, λ′)] ∗∆+(q)
)
+Re
(
[v¯(qˆ, λ′)̺(v)u(qˆ, λ)][u¯(qˆ, λ)Σ(1)(q)v(qˆ, λ′)] ∗∆−(q)
)}
+
1
2E
Re ( ∗∆+(q))
∑
λ, λ′=±
{
Im
(
[u¯(qˆ, λ′)̺(v)u(qˆ, λ)] [u¯(qˆ, λ)Σ(1)(q)u(qˆ, λ′)] ∗∆+(q)
)
+ Im
(
[v¯(qˆ, λ′)̺(v)u(qˆ, λ)] [u¯(qˆ, λ)Σ(1)(q)v(qˆ, λ′)] ∗∆−(q)
)}
+
(
∗∆±(q)⇀↽
∗∆∓(q), u(qˆ, λ)⇀↽ v(qˆ, λ), u(qˆ, λ
′) ⇀↽ v(qˆ, λ′), . . .
)
.
Comparing (11.9) with (11.6), we see that the contributions proportional to Im ( ∗∆±(q))
in equation (11.9) exactly reproduces the integrand in (11.6) if we identify
Σ
(1)
++(q;λ, λ
′) ≡ [u¯(qˆ, λ)Σ(1)(q)u(qˆ, λ′)] , Σ
(1)
+−(q;λ, λ
′) ≡ [u¯(qˆ, λ)Σ(1)(q)v(qˆ, λ′)] ,
etc. Thus if in equation (11.9) there is no corrections proportional to Re ( ∗∆±(q)), then the
function Λ1 could be exclusively interpreted as the polarization losses taking into account
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to the first approximation a change of dispersion properties of the QCD medium induced
by nonlinear interaction of soft-quark and soft-gluon excitations among themselves. It
could be effectively presented as a replacement of the HTL-resummed quark propagator
∗S(q) in expression (10.3) by the effective one
∗S(q) → ∗S˜(q).
Unfortunately, the existence of the terms proportional to Re ( ∗∆±(q)) in (11.9) doesn’t
allow us an opportunity to reduce everything to such a simple replacement. The physical
meaning of this circumstance is not clear.
Let us discuss the contribution Λ2 defined by a sum of Eqs. (11.7) and (11.8). Impor-
tance and necessity of accounting this contribution will be completely brought to light
from its comparison with ‘diagonal’ contribution (10.5). Taking into account the explicit
form of the coefficient functions K(Q)αα1(χ, χ¯| q,−q1) and K
(Q)i
α (v, χ| k,−q), we write out
Eq. (10.5) once more opening the modulus squared |u¯K(Q)u| 2, |u¯K(Q)iei| 2 etc. By anal-
ogy with Eqs. (11.7), (11.8) the ‘diagonal’ contribution can be also presented as a sum of
two parts: (
−
dE(1)
dx
)
diag
= Φ1[ Υ˜±] + Φ2[I
t, l],
where
Φ1[ Υ˜±] ≡ −
(2π)3
|v|
C
(ζ)
2 TF
(
αs
2π2
)2 ∑
λ, λ1=±
∫
q0dq dq1
{
Im(∗∆+(q)) (11.10)
×
[
Υ˜+(q1, x)
(
α2
|χ¯ u(qˆ, λ)| 2| u¯(qˆ1, λ1)χ|
2
(v · q1)2
− 2α
(χ¯ u(qˆ, λ))(u¯(qˆ1, λ1)χ)
(v · q1)
[ u¯(qˆ, λ) ∗Γ(Q)µ(q − q1; q1,−q)u(qˆ1, λ1)]
∗Dµν(q − q1)v
ν
+
∣∣∣ [ u¯(qˆ, λ) ∗Γ(Q)µ(q − q1; q1,−q)u(qˆ1, λ1)] ∗Dµν(q − q1)vν ∣∣∣ 2
)
+
(
Υ˜+(q1, x)→ Υ˜−(q1, x), u(qˆ1, λ1)→ v(qˆ1, λ1), u¯(qˆ1, λ1)→ v¯(qˆ1, λ1)
)]
+
(
∗∆+(q)→
∗∆−(q), u(qˆ, λ)→ v(qˆ, λ), u¯(qˆ, λ)→ v¯(qˆ, λ)
)}
δ(v · (q − q1))
and
Φ2[I
t, l] ≡
(2π)3
|v|
Cθ CF
(
αs
2π2
)2∑
λ=±
∫
q0dq dk
{
Im(∗∆+(q)) (11.11)
×
[
I t(k, x)
∑
ξ=1, 2
(
| (e(kˆ, ξ) · v)| 2| χ¯ u(qˆ, λ)| 2
(v · k)2
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− 2
1
(v · k)
Re
{
(χ¯ u(qˆ, λ))(e(kˆ, ξ) · v) [ u¯(qˆ, λ) ∗Γ(Q)i(k; q − k,−q) ∗S(q − k)χ] e∗i(kˆ, ξ)
}
+
∣∣∣ [ u¯(qˆ, λ) ∗Γ(Q)i(k; q − k,−q) ∗S(q − k)χ] e∗i(kˆ, ξ)∣∣∣ 2 )
+
(
I t(k, x)→ I l(k, x), ei(kˆ, ξ)→
√
k2
k20
kˆi
)]
+
(
∗∆+(q)→
∗∆−(q), u(qˆ, λ)→ v(qˆ, λ), u¯(qˆ, λ)→ v¯(qˆ, λ)
)}
δ(v · (k− q)).
The integrands of Eqs. (11.10), (11.11) contain the factors
1
(v · q1)2
,
1
(v · q1)
,
1
(v · k)2
,
1
(v · k)
. (11.12)
If we define the functions Φ1[ Υ˜±] and Φ2[I
t, l] on mass-shell of soft plasma excitations,
i.e., we set
Im ∗∆±(q) ≃ ∓ π Z±(q) δ(q
0 − ω±q )± π Z∓(q) δ(q
0 + ω∓q ),
Im ∗∆t, l(k) ≃ −π sign(k0)
(
Zt, l(k)
2ωt, lk
)
[ δ(k0 − ωt, lk ) + δ(k
0 + ωt, lk )],
and choose the spectral densities in a form of the quasiparticle approximation, Eqs. (8.11)
and (8.19), then factors (11.12) will not be singular. This takes place due to the fact
that the linear Landau damping process is absent in the QGP. However, for off mass-
shell excitations of the medium when a frequency and momentum of plasma excitations
approach to the “Cherenkov cone”
(v · q1)→ 0, (v · k)→ 0,
these factors become singular that results in divergence of the integrals on the right-hand
sides of Eqs. (11.10), (11.11).
There exist precisely the same singularities in the integrands of the ‘nondiagonal’ con-
tributions (11.7) and (11.8). In order that the expression for energy loss had a finite
value it is necessary that these singularities should exactly compensated with those in
Eqs. (11.10), (11.11). From a comparison between (11.11) and (11.8) we see that singu-
larities 1/(v · k)2, 1/(v · k) are exactly compensated in the limit (v · k) → 0. We will
require that a similar reduction should take place for expressions (11.10) and (11.7). This
requirement results in the following conditions of cancellation of the singularities
− α2C
(ζ)
2 TF = 2CθCF Re β1, (11.13)
αC
(ζ)
2 TF = CθCF .
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Hence in particular it immediately follows that
Re β1 = −
1
2
α, α 6= 0.
The last relation suggests that introduction of additional sources and currents (5.14),
(5.19), and so on is necessary ingredient of the theory for its self-consistency. Let us
analyze the second relation in (11.13). It is natural to require that the constant α,
which enters as a multiplier into the first term of the coefficient function (5.15) would
independent of a type of the energetic parton just as the second term. In view of this
circumstance it is easy to see that there exist the only reasonable choice of pairs of the
constants C
(ζ)
2 and Cθ for which the second relation in (11.13) will be fulfilled identically:
for the values ζ = Q, Q¯ it is necessary to take Cθ = −CF and for ζ = G it should be set
Cθ = −nfTF , i.e.,
αCFTF = −C
2
F ,
α CATF = −nfTFCF .
The requirement for independence of the constant α of a type of the energetic parton
results in the relation
nfTF = CA (≡ Nc), (11.14)
then
α = −CF/TF .
The relation (11.14) is fulfilled for nf = 6, TF = 1/2 and Nc = 3. Unfortunately, in spite
of the fact that relation (11.14) seems quite reasonable from the physical point of view,
it is true for extremely high temperatures when one can neglect by mass of the heaviest t
quark. Only under these conditions the complete sum of all (‘diagonal’ and ‘nondiagonal’)
contributions to energy losses of the energetic parton will have a finite value for scattering
on off-shell soft plasma excitations.
12 ‘Nondiagonal’ contribution to energy losses (con-
tinuation)
Now we proceed to discussion of expression (10.1). Let us take the effective currents j˜ Ψabµ
and j˜ Ψajµ on the right-hand side of the first equation in (8.2) in approximation of the
second order in powers of the soft free fields
j˜ Ψabµ (v, χ| k) ≃ δ
ab j˜
(0)
Qµ(k) + j˜
(2)ab
µ (ψ¯
(0), ψ(0))(k), j˜
(0)
Qµ(k) ≡
g
(2π)3
vµδ(v · k), (12.1)
j˜ Ψajµ (v, χ¯| k) ≃ j˜
(1)aj
µ (ψ
(0))(k) + j˜(2)ajµ (A
(0), ψ(0))(k),
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where the current j˜(2)abµ (ψ¯
(0), ψ(0)) is defined by Eqs. (6.1), (6.2) and the currents j˜(1)ajµ (ψ
(0)),
j˜(2)ajµ (A
(0), ψ(0)) are defined by Eqs. (5.7), (5.5) and (6.4), (6.5), respectively. By the fol-
lowing step we consider the coefficient function K
(G)ab, ij
µ, αβ that enters into the definition of
the effective current j˜(2)abµ (ψ¯
(0), ψ(0)). By analogy with (11.1) we present it in the following
form of a color decomposition:
K
(G)ab, ij
µ, αβ (v, χ, χ¯| k; q1,−q2) =
1
2
{ta, tb}ijK
(S)
µ, αβ(v, χ, χ¯| k; q1,−q2) (12.2)
+
1
2
[ ta, tb ] ijK
(A)
µ, αβ(v, χ, χ¯| k; q1,−q2).
Here ‘symmetric’ part equals
K
(S)
µ, αβ(v, χ, χ¯| k; q1,−q2) = −M
(S)
µν, αβ(−k, k+ q1− q2;−q1, q2)
∗Dνν
′
(k+ q1− q2)vν′ (12.3)
+ 2σ
vµ χα χ¯β
(v · q1)(v · q2)
+ α
1
(v · q1)
χα
[
χ¯γ
∗Sγγ′(k − q2)
∗Γ
(G)
µ, γ′β(k;−q2,−k + q2)
]
−α
1
(v · q2)
χ¯β
[
∗Γ(G)µ, αγ(k; q1,−k − q1)
∗Sγγ′(k + q1)χγ′
]
.
The explicit form of the ‘antisymmetric’ part K
(A)
µ, αβ is not needed for our subsequent
consideration and therefore we do not give it here. The functionM
(S)
µν, αβ (and alsoM
(A)
µν, αβ)
was introduced in Paper I (the expressions following after Eq. (I.7.15)). We recall that
these functions enter into the matrix elements of two processes: the elastic scattering
process of soft-gluon excitation off soft-quark excitation and the process of pair production
by fusion of two soft-gluon excitations.
Further, we substitute effective currents (12.1) into (10.1) taking into account Eqs. (12.2),
(12.3). We present again the expression obtained as a sum of two parts different in struc-
ture: (
−
dE(1)
dx
)
B
=
(
−
dE(1)
dx
)
diag
+
(
−
dE(1)
dx
)
nondiag
.
The ‘diagonal’ part is defined by the following expression:
(
−
dE(1)
dx
)
diag
=
(2π)3
|v|
CθCF
(
αs
2π2
)2 ∑
λ=±
∫
k0dk dq
{
Im(∗∆t(k)) (12.4)
×
∑
ξ=1, 2
([
| K¯(G)i(v, χ¯| k,−q)u(qˆ, λ)ei(kˆ, ξ)| 2 Υ˜+(q, x)
+ | K¯(G)i(v, χ¯| k,−q)v(qˆ, λ)ei(kˆ, ξ)| 2 Υ˜−(q, x)
]
δ(v · (k − q))
+
[
| u¯(qˆ, λ)K(G)i(v, χ| k, q)ei(kˆ, ξ)| 2 Υ˜+(q, x)
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+ | v¯(qˆ, λ)K(G)i(v, χ| k, q)ei(kˆ, ξ)| 2 Υ˜−(q, x)
]
δ(v · (k + q))
)
+
(
∗∆t(k)→ ∗∆l(k), ei(kˆ, ξ)→
√
k2
k20
kˆi
)}
.
We add the expression for the polarization losses connected with the initial color current
of hard parton j˜
(0)a
Qµ (k) ≡ Q
a
0 j˜
(0)
Qµ(k)(
−
dE(0)
dx
)
B
= −
1
|v|
C
(ζ)
2
(
αs
2π2
)∫
k0dk Im 〈j˜
(0)µ
Q (k)
∗Dµν(k)j˜
(0)ν
Q (k)〉 (12.5)
≡ −
1
|v|
C
(ζ)
2
(
αs
2π2
)∫
k0dk
{
Im( ∗∆t(k))
∑
ξ, ξ′=1, 2
(e∗(kˆ, ξ) · v)(e(kˆ, ξ′) · v) δξξ
′
+
(
k2
k20
)
Im( ∗∆l(k))(v · kˆ)2
}
δ(v · k)
to the ‘nondiagonal’ contribution (−dE(1)/dx)nondiag. On the rightmost side of (12.5) we
have taken into account that in the temporal gauge the following replacement holds:
∗Dµν(k)→
∗∆t(k)
∑
ξ=1, 2
e∗i(kˆ, ξ)ei
′
(kˆ, ξ) + ∗∆l(k)
(
k2
k20
)
kˆikˆi
′
. (12.6)
As in previous section we present expression for a sum of (12.5) and ‘nondiagonal’ con-
tribution in the form of a sum of two terms:(
−
dE(0)
dx
)
B
+
(
−
dE(1)
dx
)
nondiag
= Λ˘1 + Λ˘2.
Here the function Λ˘1 is
Λ˘1 ≡ −
1
|v|
C
(ζ)
2
(
αs
2π2
)∫
k0dk
{
Im( ∗∆t(k))
( ∑
ξ, ξ′=1, 2
[
(e∗(kˆ, ξ) · v)(e(kˆ, ξ′) · v) δξξ
′
+ Re
[
(e∗(kˆ, ξ) · v)(e(kˆ, ξ′) · v)Π
(1)
tt (k; ξ, ξ
′) ∗∆t(k)
]]
(12.7)
+
√
k2
k20
∑
ξ=1, 2
Re
[
(e∗(kˆ, ξ) · v)(kˆ · v)Π
(1)
tl (k; ξ)
∗∆l(k)
])
+
(
∗∆t(k) ⇀↽ ∗∆l(k), ei(kˆ, ξ)⇀↽
√
k2
k20
kˆi, Π
(1)
tt → Π
(1)
ll , Π
(1)
tl → Π
(1)
lt
)}
δ(v · k),
where in turn
Π
(1)
tt (k; ξ, ξ
′)≡−2g2TF
∑
λ=±
∫
dq
{
Υ˜+(q, x)
[
e∗i(kˆ, ξ)u¯(qˆ, λ)M(S)ii
′
(−k, k;−q, q)u(qˆ, λ)ei
′
(kˆ, ξ′)
]
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+ Υ˜−(q, x)
[
e∗i(kˆ, ξ)v¯(qˆ, λ)M(S)ii
′
(−k, k;−q, q)v(qˆ, λ)ei
′
(kˆ, ξ′)
]}
,
Π
(1)
tl (k; ξ)≡−2g
2TF
∑
λ=±
∫
dq
{
Υ˜+(q, x)
√
k2
k20
[
e∗i(kˆ, ξ)u¯(qˆ, λ)M(S)ii
′
(−k, k;−q, q)u(qˆ, λ)kˆi
′
)
]
+ Υ˜−(q, x)
√
k2
k20
[
e∗i(kˆ, ξ)v¯(qˆ, λ)M(S)ii
′
(−k, k;−q, q)v(qˆ, λ)kˆi
′
)
]}
and so on. The functions Π
(1)
tt , Π
(1)
tl represent linear in the soft-quark spectral densities
Υ˜± corrections to various components of the soft-gluon self-energy δΠµν(k) in the HTL
approximation. These corrections take into account a change of dispersion properties of
medium induced by the processes of nonlinear interaction of soft-gluon and soft-quark
excitations among themselves. It is possible to make sure in this if we define an effective
gluon propagator ∗D˜µν(k) that takes into account additional contributions considering
nonlinear effects of the self-interaction of soft excitations
∗D˜−1µν (k) ≡
∗D−1µν (k)−
{
Π(1)µν [Υ˜±](k) + Π
(1)
µν [I
t, l](k)
}
− Π(2)µν [Υ˜±, I
t, l](k)− . . . .
For low excited state when ∗D−1µν (k) ≫ Π
(1)
µν ≫ Π
(2)
µν ≫ . . . from equation above to the
first order in Υ˜± and I
t, l, we obtain
∗D˜µν(k) ≃
∗Dµν(k) +
∗Dµµ′(k)
{
Π(1)µ
′ν′ [Υ˜±](k) + Π
(1)µ′ν′ [I t, l](k)
}
∗Dν′ν(k) + . . . .
The term with Π(1)µ
′ν′[I t, l](k) was considered in the paper [6]. It connected with self-
interaction of soft-gluon excitations. Convolving this expression with vµvν , considering
(12.6) and taking the imaginary part, we obtain an expression similar in the form to
Eq. (11.9). The terms proportional to Im(∗∆t, l(k)) exactly reproduce the integrand in
(12.7) if we identify
Π
(1)
tt (k; ξ, ξ
′) ≡ e∗i(kˆ, ξ)Π(1)ii
′
[Υ˜±](k)e
i′(kˆ, ξ′),
Π
(1)
tl (k; ξ) ≡
√
k2
k20
(
e∗i(kˆ, ξ)Π(1)ii
′
[Υ˜±](k)kˆ
i′
)
,
etc. If the contributions proportional to Re(∗∆t, l(k)) are absent, then function (12.7)
can be exceptionally interpreted as the polarization losses taking into account to the first
approximation a change of the dispersion properties of the QCD medium induced by self-
interaction of soft excitations. This could be effectively presented as a replacement of
the HTL-resummed soft-gluon propagator ∗Dµν(k) in the first line of Eq. (12.5) by the
effective one
∗Dµν(k)→
∗D˜µν(k).
Unfortunately, the existence of the terms proportional to Re( ∗∆t, l(k)) gives no way of
reducing everything to such a simple replacement.
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Furthermore, the function Λ˘2 is
Λ˘2 ≡ −2
(2π)3
|v|
C
(ζ)
2 TF
(
αs
2π2
) ∑
λ=±
∫
k0dk dq
{[
Im(∗∆t(k)) (12.8)
×Υ˜+(q, x)
∑
ξ=1, 2
(
2Reσ
|(e(kˆ, ξ) · v)| 2|u¯(qˆ, λ)χ| 2
(v · q)2
+α
1
(v · q)
Re
[
(e∗(kˆ, ξ) · v) (u¯(qˆ, λ)χ)
(
χ¯ ∗S(k − q) ∗Γ(G)i(k;−q,−k + q)u(qˆ, λ)ei(kˆ, ξ)
)]
−α
1
(v · q)
Re
[
(e(kˆ, ξ) · v) (χ¯ u(qˆ, λ))
(
u¯(qˆ, λ) ∗Γ(G)i(k; q,−k − q) ∗S(k + q)χ e∗i(kˆ, ξ)
)])
+
(
Υ˜+(q, x)→ Υ˜−(q, x), u(qˆ, λ)→ v(qˆ, λ), u¯(qˆ, λ)→ v¯(qˆ, λ)
)]
+
(
∗∆t(k)→ ∗∆l(k), ei(kˆ, ξ)→
√
k2
k20
kˆi
)}
δ(v · k).
By virtue of the definition of the coefficient functions K(G)iα , K¯
(G)i
α (Eqs. (5.4), (5.5))
the integrand of ‘diagonal’ contribution (12.4) has singularities of a type
1
(v · q)2
,
1
(v · q)
for off-shell excitations of medium when frequency and momentum approach to the
“Cherenkov cone”
(v · q)→ 0.
We require that these singularities in accuracy should be compensated by similar ones in
the integrand of Eq. (12.8). This results in the following conditions of cancellation of the
singularities
2C
(ζ)
2 TF Reσ = Cθ CF , (12.9)
αC
(ζ)
2 TF = Cθ CF .
Hence it follows
Re σ =
1
2
α .
The second condition in (12.9) exactly coincides with the second one in (11.13) and thus
here, with the help of the same reasoning we obtain the relation (11.14) and value for
the constant α: α = −CF/TF . The conditions of cancellation of singularities obtained in
present and previous sections do not contradict each other. We can expect that similar
cancellation takes place for all contributions to energy losses (10.1), (10.2) of higher orders
in powers of the soft free fields. This in particular leads to (partial) fixing undetermined
constants of the additional currents and sources introduced in Section 5.
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13 Conclusion
In this paper within the framework of the semiclassical approximation we have presented
successive scheme of construction of the effective theory for the processes of interaction
of soft and hard quark-gluon plasma excitations for both the Fermi and Bose statistics.
In the third part [12], we completed an analysis of dynamics of soft fermion excitations
taking into account also radiative processes. Unfortunately, in view of great amount of
this work we did not give the concrete analysis of the expressions obtained for energy
losses, as it has been made in our early papers [6], [9]. This is expected to be made in
separate publication.
As has been shown during all this work, introduction into consideration of the Grass-
mann color charges for hard particle and color sources with them associated turns out to
be rather powerful method in the analysis of dynamics of the soft (anti)quark modes. This
allows obtaining almost completely self-consistent and self-sufficient calculation scheme
of the effective color currents and sources and the matrix elements for the scattering pro-
cesses we are interested in. Note that the effective currents and sources derived within
the framework of this calculation scheme possess striking symmetry with respect to free
soft-gluon and soft-quark fields, the usual and Grassmann charges. This circumstance
suggests that there should be (super?)transformations touching by nontrivial way both
boson and fermion degrees of freedom of hard and soft excitations of system under consid-
eration transforming effective currents and sources into each other9. In view of observable
high symmetry with respect to fermion and boson degrees of freedom it is possible to
raise the question about a possibility of supersymmetric generalization of the approach
suggested in this work. Supersymmetric formulation of the effective theory would allow
to look from the more general point of view on the dynamics of interaction processes
in QGP and possibly to predict existence of qualitatively new phenomena. Partly, a
tool necessary for such generalization was considered in literature. So, for example, the
problem of supersymmetrization of classical point particle with spin and isospin has been
investigated in detail both within the framework of the local supersymmetric formulation
and in the super-space one (see, e.g., Ref. [18] and references therein). Unfortunately, at
present there is no a supersymmetric generalization of the most important ingredient of
the effective theory, namely, the concept of the hard thermal loops. This in itself can be
a subject for separate research.
9It is curious to note that the relation of (11.14) type (without the multiplier TF ) was mentioned for
the first time in the paper [17] in the context of analysis of various symmetry relations among quark and
gluon decay probabilities.
71
Acknowledgments
This work was supported in part by the Russian Foundation for Basic Research (project
no 03-02-16797).
72
Appendix A
The dynamics of the classical color particle in the external gauge and quark fields (when
we neglect by the change in trajectory and spin state of particle) can be described by the
following action
S =
t∫
t0
L(t) dt, L(t) = LI(t) + LII(t),
where
LI(t) = i ϑ
† iϑ˙i − gvµAaµϑ
† i(ta)ijϑj − g
{
ϑ† i(χ¯αψ
i
α) + (ψ¯
i
αχα)ϑ
i
}
(A.1)
and
LII(t) = −g [ϑ
† i(ta)ijϑj ]
{
αˆ (ψ¯kαχα)(t
a)ksΩs + αˆ∗Ω† s(ta)sk(χ¯αψ
k
α)
}
(A.2)
− g
{
βˆ [ϑ† i(ta)ijΩj ][ (ψ¯kαχα)(t
a)ksϑs] + βˆ∗ [ Ω† j(ta)jiϑi][ϑ† s(ta)sk(χ¯αψ
k
α)]
}
.
In Eq. (A.2) αˆ and βˆ are (complex) parameters10. The action S is real and it is invariant
under gauge transformation
Aaµt
a → SAaµt
aS−1 − (i/g)S∂µS
−1, ψα → Sψα, ϑ→ Sϑ. (A.3)
The soft stochastic gauge and quark fields in the Lagrangian L are determined on the
linear trajectory
Aaµ ≡ A
a
µ(t,vt), ψ
i
α ≡ ψ
i
α(t,vt), ψ¯
i
α ≡ ψ¯
i
α(t,vt)
and the function Ωi = Ωi(t) is defined by equation (5.13). Here t is the coordinate time.
The action with Lagrangian (A.1) results in equations of motion (5.8) and Lagrangian
(A.2) defines additional interaction terms in these equations. Lagrangian (A.2) (at least
the first term) describes current-current interaction in a system, where the first current
represents color that of hard component of system, and the second current represents
color that of soft component. In view of (A.2) the following terms should be added to the
left-hand side of the first equation in (5.8)
ig (ta)ijϑj
{
αˆ (ψ¯kαχα)(t
a)ksΩs + αˆ∗Ω† s(ta)sk(χ¯αψ
k
α)
}
(A.4)
+ ig
{
βˆ (ta)ijΩj [ (ψ¯kαχα)(t
a)ksϑs] + βˆ∗ (ta)ij(χ¯αψ
j
α)[ Ω
† k(ta)ksϑs]
}
.
The equation of motion (5.8) with additional terms (A.4) has the following general
solution
ϑi(t) = U ij(t, t0)θ
j
0 − ig
t∫
t0
U ij(t, τ)
(
χ¯αψ
j
α(τ,vτ)
)
dτ, (A.5)
10We introduce the hat above to distinguish the parameters from those in the additional sources in
Section 5.
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where we have introduced extended evolution operator
U(t, τ) = T exp
{
−ig
t∫
τ
vµAaµ(τ
′,vτ ′ )tadτ ′ (A.6)
−ig
t∫
τ
[
αˆ (ψ¯kα(τ
′,vτ ′ )χα)(t
a)ksΩs(τ ′ ) + αˆ∗Ω† s(τ ′ )(ta)sk(χ¯αψ
k
α(τ
′,vτ ′ ))
]
tadτ ′
−ig
t∫
τ
[
βˆ taΩ(τ ′ )⊗ (ψ¯α(τ
′,vτ ′ )χα)t
a + βˆ∗ ta(χ¯αψα(τ
′,vτ ′ ))⊗ Ω†(τ ′ )ta
]
dτ ′
}
.
Here ⊗ is a sign of the direct production. The evolution operator (A.6) takes into account
the effect of rotation of color charge in color space induced by both soft gauge and soft
quark stochastic fields. The influence of soft quark field on the rotation should be already
taken into account in the scattering processes of a third order in the coupling constant.
Under gauge transformation (A.3) this evolution operator transforms by covariant fashion
U(t, τ)→ S(t)U(t, τ)S−1(τ).
Instead of identity (5.10) now we have
U(τ, t)taU(t, τ) = U˜ ab(t, τ)tb, (A.7)
where the extended evolution operator in the adjoint representation U˜(t, τ) is
U˜(t, τ) = T exp
{
−ig
t∫
τ
vµAaµ(τ
′,vτ ′ )T adτ ′
− ig(αˆ+ βˆ/Nc)
t∫
τ
[
(ψ¯kα(τ
′,vτ ′ )χα)(t
a)ksΩs(τ ′ )
]
T adτ ′
− ig(αˆ∗ + βˆ∗/Nc)
t∫
τ
[
Ω† s(τ ′ )(ta)sk(χ¯αψ
k
α(τ
′,vτ ′ ))
]
T adτ ′
}
.
The relation (A.7) is easily proved with the Fierz identity for the matrices ta
(ta)ij(ta)ks = −
1
Nc
(ta)is(ta)kj +
CF
Nc
δisδkj.
We add the action for the soft gluon and quark fields to the action determining dynamics
of hard test particle
−
1
4
∫
d4xF aµν(x)F
aµν(x) + i
∫
d4x ψ¯(x)γµD
µ(x)ψ(x) + ... ,
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where Dµ(x) ≡ ∂/∂xµ + igA
aµ(x)ta. Hereafter the dots mean contributions caused by
HTL effects. The equation of motion for soft quark field ψ now has the following form
i(γµD
µ(x)ψ(x))iα = gχαϑ
i(t) δ(x−vt)+g αˆ χα(t
a)ijΩj(t)[ϑ† k(t)(ta)ksϑs(t)] δ(x−vt)
+ gβˆ χα(t
a)ijϑj(t)[ϑ† k(t)(ta)ksΩs(t)] δ(x−vt) + ... .
Let us substitute solution (5.9) (here we neglect temporarily by contribution of ψ-fields
to the evolution operator U(t, t0)) into the second and third terms on the right-hand side
of the last equation. If we require fulfilment of condition
αˆ + βˆ = 0, (A.8)
then these terms result in the form11
g
{
αˆ χα(t
a)ijΩj(t)Qa(t) + αˆ χα(t
a)ijΩj(t)[ Ω† k(t)(ta)ksθs(t)] (A.9)
+ βˆ χα(t
a)ijθj(t)[ θ† k(t)(ta)ksΩs(t)] + βˆ χα(t
a)ijθj(t)Ξa(t)
}
δ(x− vt).
The first, second and last terms here reproduce entered by hands additional sources (5.14),
(5.19) and (5.18) correspondingly. The next to last term represents new additional rather
remarkable source. Its existence suggests necessity of introduction of one more color
structure for description of color charge in the semiclassical approximation, namely,
Θij ≡ [(ta)ii
′
θi
′
(t)] [θ† j
′
(t)(ta)j
′j], Θ† ij = Θji.
When such a combination in final expressions occurs, it is necessary to identify it as in-
dependent function, by analogy to the structure Qa(t) ≡ θ† i(ta)ijθj(t). In particular, to
lowest order in the coupling constant the third term in (A.9) defines the eikonal contri-
bution to the effective source
δ2ηiα(q)
δΘjs0 δψ
(0)k
β (q1)
∣∣∣∣∣∣
0
= βˆ
g2
(2π)3
χαχ¯β
(v · q1)
δijδsk δ(v · (q − q1)).
The equation of motion for the soft gluon field Aaµ(x) have former form
[Dµ(x), Fµν(x)] = gvν [ϑ
† i(t)(ta)ijϑj(t)] ta δ(x− vt) + ... , (A.10)
where as the Grassmann charge ϑi(t) it is necessary to mean solution (A.5). The contri-
bution of additional interaction terms (A.2) here ‘is hid’ in extended evolution operator
(A.6). Some new current structures do not appear. Unfortunately, generalized action
suggested in this Appendix not enables one to generate additional current (5.21) contain-
ing anticommutator {ta, tb}. The current on the right-hand side of (A.10) enables us to
determine the same expression (5.21), but with commutator [ta, tb] only.
11The condition (A.8) enables one to cancel out the terms not containing color charges at all.
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Appendix B
Here we give complete expression for the coefficient functionK(Q)a1a2, ijµ1µ2, α (v,v, χ| q;−k1,−k2)
defining the scattering process of soft-quark excitation off hard parton followed by emis-
sion of two soft-gluon excitations
K(Q)a1a2, ijµ1µ2, α (v,v, χ| q;−k1,−k2) ≡ − δΓ
(Q)a1a2, ij
µ1µ2, αβ
(k1, k2; q−k1−k2,−q)
∗Sββ ′(q−k1−k2)χβ ′
+ [ta1 , ta2 ]ijK
(Q)
µ ′, α(v, χ| k1 + k2,−q)
∗Dµ
′µ(k1 + k2)
∗Γµµ1µ2(k1 + k2,−k1,−k2)
− (ta1ta2)ij ∗Γ
(Q)
µ1, αβ
(k1; q − k1,−q)
∗Sββ ′(q − k1)K
(Q)
µ2, β ′
(v, χ| k2,−q + k1) (B.1)
− (ta2ta1)ij ∗Γ
(Q)
µ2, αβ
(k2; q − k2,−q)
∗Sββ ′(q − k2)K
(Q)
µ1, β ′
(v, χ| k1,−q + k2)
+ (ta1ta2)ij
1
(v · q)(v · k2)
vµ1vµ2χα + (t
a2ta1)ij
1
(v · q)(v · k1)
vµ1vµ2χα .
The partial coefficient functionsK
(Q)
µ ′, α(v, χ| k1+k2,−q) and so on are defined by expression
(4.6). The graphic interpretation of various terms on the right-hand side of Eq. (B.1) is
presented in Fig. 13. The dots means graphs of the scattering processes with participation
of hard thermal antiquark.
Appendix C
In this Appendix we consider in more detail a structure of the terms in Eq. (7.1) containing
the singularity δ(v · q ′ )/(v · q ′ ). In the fist stage of our analysis it is more convenient to
use the HTL-resummed quark propagator in the representation suggested by Weldon [14]
∗S(q) =
1
(1 + a)6q + b6u
=
(1 + a)6q + b6u
D
, (C.1)
where 6q ≡ qµγµ, u is a global four-velocity of plasma, a, b are Lorentz-invariant functions,
and D = (1 + a)2q2 + 2(1 + a)b(q · u) + b2. Let us define a polarization matrix of hard
parton (quark or antiquark) ̺ = (̺αβ) such that in pure state it is reduced to a product
̺αβ = χαχ¯β.
We consider a case of fully unpolarized state. By virtue of the fact that this matrix can
depend only on the energy E and the velocity v of hard test particle, we can write out
at once its explicit form
̺ = ̺(E,v) =
1
2E
̺(v), (C.2)
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Figure 13: The scattering processes of soft-quark elementary excitation off the hard test particle
followed by emission of two soft-gluon excitations.
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where
̺(v) =
1
2
(v · γ), v = (1,v).
The multiplier 1/2E is chosen for reasons of dimension. In this case only both terms in
amplitude (5.15) have the same dimension. Thus in view of the structure of soft-quark
propagator (C.1) and polarization matrix (C.2) the following replacement is correct:
χ¯α
∗Sαα ′(q
′ )χα ′ ⇒
1
2E
Sp
[
̺(v) ∗S(q ′ )
]
=
1
2E
[
2(1 + a)
D
(v · q ′ ) +
2b
D
(v · u)
]
.
Furthermore, by using the property ∗S(−q ′ ) = −γ0 ∗S†(q ′ ) γ0 the first two terms in
integrand of (7.1) can be resulted in the following form:
2
E
∫
dq ′ Re
[
(1 + a)
D
]
δ(v · q ′ ) +
2
E
∫
dq ′
δ(v · q ′ )
(v · q ′ )
Re
[
b
D
]
. (C.3)
The expression obtained in particular shows that a contribution of the term proportional
to 6 q in soft-quark propagator (C.1) (containing zero-temperature part) has no a singu-
larity. Now we are coming from the functions a and b to the scalar propagators ∗∆±(q
′ )
according to formulae
1 + a
D
=
1
2|q ′|
{
∗∆+(q
′ )− ∗∆−(q
′ )
}
,
b
D
=
1
2
(
1−
q ′ 0
|q ′|
)
∗∆+(q
′ )+
1
2
(
1 +
q ′ 0
|q ′|
)
∗∆−(q
′ ).
Taking into account the property of the quark scalar propagators ∗∆−(q
′ ) = −
(
∗∆+(−q
′ )
)∗
,
we result (C.3) in final form
2
E
∫
dq ′ δ(v · q ′ )
1
|q ′|
Re
[
∗∆+(q
′ )
]
+
2
E
∫
dq ′
δ(v · q ′ )
(v · q ′ )
(
1−
q ′ 0
|q ′|
)
Re
[
∗∆+(q
′ )
]
.
The close analysis of initial presuppositions shows that the assumption of straightness
of a hard parton trajectory is origin of the singularity δ(v · q ′ )/(v · q ′ ). So the function
δ(v · q ′ ) arises under the Fourier transformation of the function δ(x − vt) entering into
the initial source of hard particle η
(0)
θα (x) and the factor 1/(v · q
′ ) appears in calculation
of the integral
t∫
t0
(
χ¯αψ
i
α(τ,vτ)
)
dτ =
∫
dq ′
t∫
t0
e−i(v·q
′ )τ
(
χ¯αψ
i
α(q
′ )
)
dτ (C.4)
=
∫
i dq ′
(v · q ′ )
[
e−i(v·q
′ )t − e−i(v·q
′ )t0
](
χ¯αψ
i
α(q
′ )
)
.
Here the soft-quark field ψiα(x) is defined on the linear trajectory x = vt. Thus for
regularization of the singularity it is necessary to take into account a change of hard parton
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trajectory12 in ‘collisions’ of hard parton with soft fluctuation field of system (although
this is beyond the frameworks of the HTL approximation accepted in this work). If we
present a weakly perturbative trajectory in the form x(t) = vt +△x(t), |△x(t)| ≪ |v| t,
then instead of (C.4), e.g., we have
∫
dq ′
(
χ¯αψ
i
α(q
′ )
) t∫
t0
dτ e−i(v·q
′ )τ + iq ′·△x(τ).
The integral in dτ here should be exactly calculated, since expansion in a series with
respect to △x(τ) generates immediately the singularity. An explicit form of the function
△x(t) was obtained in Appendix of Ref. [15] in the linear approximation in the soft-gluon
field A(0). This function is suppressed by the factor 1/E, where E is energy of hard parton
with respect to a change of its color charge △Qa(t) obtained in the same approximation.
In the remainder of this Appendix we consider a singular contribution connected with
the soft-gluon loop (the second term in Eq. (7.3)). We use an explicit expression for gluon
propagator (in covariant gauge)
∗Dµν(k) = −Pµν(k)
∗∆t(k)−Qµν(k)
∗∆l(k) + ξDµν(k)∆
0(k), (C.5)
where Lorentz matrices are defined by
Pµν(k) = gµν −Dµν(k)−Qµν(k), Qµν(k) =
u¯µ(k)u¯ν(k)
u¯2(k)
, Dµν(k) =
kµkν
k2
, (C.6)
∆0(k) = 1/k2, u¯µ = k
2uµ − kµ(k · u),
and ξ is a gauge fixing parameter. With the help of (C.5), (C.6) the second term in
Eq. (7.3) can be presented in the following form:∫
dk ′ δ(v · k ′ )
[
∗∆t(k ′ )− ∗∆l(k ′ )
] 1
k ′ 2
{
2k ′ 0 −
k ′ 2
(v · k ′ )
}
− v2
∫
dk ′
δ(v · k ′ )
(v · k ′ )
∗∆t(k ′ ).
This expression also contains both finite and singular contributions. The last term van-
ishes in the case of massless hard particle (v2 = 0). In opposite case for heavy particle
with the mass M this term is proportional to M2/E2. The term with the gauge param-
eter exactly equals zero. The factor δ(v · k ′ )/(v · k ′ ) arises from expression similar to
(C.4), where instead of the function
(
χαψ
i
α(τ,vτ)
)
it is necessary to mean the function(
vµAaµ(τ,vτ)
)
, i.e., the soft-gluon field defined on the parton linear trajectory.
12In the general case along with a change of the trajectory it is necessary to take into account a change of
a polarization state of hard particle defined by the spinor χ. The equation describing a change of χ = χ(t)
in semiclassical approximation may be in principle obtained from the following reasonings. Let us define
the spin 4-vector Sµ (or the spin tensor Sµν) setting Sµ(t) ≡ χ¯(t)γ5γ
µχ(t) (Sµν(t) ≡ χ¯(t)σµνχ(t)). By
using known the semiclassical equation for spin motion in external field, one can attempt to restore the
equation of motion for the spinor χ(t). This is in a certain sense similar to restoring equation of motion
for the Grassmann charge θ(t) entering into the definition of usual charge Qa(t) = θ†(t)taθ(t) when we
know the equation of motion for the charge Qa(t) (Eq. (3.2)).
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Appendix D
The third order derivative of relation (3.14) with respect to the Grassmann charges θ†0, θ0
and free soft-gluon field A(0) has the following form:
δ3jaµ[A, ψ¯, ψ,Q0, θ
†
0, θ0](k)
δθ† i0 δθ
j
0 δA
(0)a1µ1(k1)
∣∣∣∣∣∣
0
=
δ3j˜aµ[A
(0), ψ¯(0), ψ(0), Q0, θ
†
0, θ0, ](k)
δθ† i0 δθ
j
0 δA
(0)a1µ1(k1)
∣∣∣∣∣∣
0
(D.1)
=
g4
(2π)6
{∫ [ (
χ¯ ∗S(−q ′ )δΓ(G)aa1, ijµµ1 (k,−k1; q
′,−k + k1 − q
′ )S(k − k1 + q
′ )χ
)
− [ta, ta1 ]ij ∗Γµνµ1(k,−k+k1,−k1)
∗Dνν
′
(k−k1)
(
vν ′
(v · q ′ )
[ (
χ¯ ∗S(q ′ )χ
)
−
(
χ¯ ∗S(−q ′ )χ
)]
+
[
χ¯ ∗S(k − k1 − q
′ ) ∗Γ(G)µ (k − k1;−k + k1 + q
′,−q ′ ) ∗S(q ′ )χ
])
+ (tata1)ij
[
K¯(G)µ (v, χ¯| k,−k−q
′ ) ∗S(k+q ′ )K(Q)µ1 (v, χ| k1,−k−q
′ )
]
− (ta1ta)ij
[
K¯(Q)µ1 (v, χ¯| −k1, k−q
′ ) ∗S(k−q ′ )K(G)µ (v, χ| k,−k+q
′ )
] ]
δ(v·q ′ )dq ′
}
δ(v·(k−k1)).
The graphic interpretation of various terms in this expression is presented in Fig. 14.
Appendix E
In this Appendix we give an explicit form of third order derivative of relation (3.15) with
respect to the color charges Qa0, Q
b
0 and free soft-quark field ψ
(0):
δ3ηiα[A, ψ¯, ψ,Q0, θ0](q)
δQa0 δQ
b
0 δψ
(0)i1
α1 (q1)
∣∣∣∣∣
0
=
δ2η˜iα[A
(0), ψ¯(0), ψ(0), Q0, θ0](q)
δQa0 δQ
b
0 δψ
(0)i1
α1 (q1)
∣∣∣∣∣
0
(E.1)
= −
g4
(2π)6
{ta, tb}ii1
{∫ [
αχαχ¯α1
1
(v · q)(v · q1)
(vµ
∗Dµµ
′
(k ′ )vµ′)
−
1
2
δΓ(Q;S)µν, αα1(k
′, q − q1 − k
′; q1,−q)
∗Dµµ
′
(k ′ )vµ′
∗Dνν
′
(q − q1 − k
′ )vν′
]
δ(v · k ′ )dk ′
+
∫ [
K
(Q)
αβ (χ, χ¯| q,−q+q
′ ) ∗Sββ′(q−q
′ )K
(Q)
β′α1
(χ, χ¯| q−q ′,−q1)
]
δ(v · q ′ )dq ′
}
δ(v·(q−q1)).
The diagrammatic interpretation of different terms on the right-hand side is presented in
Fig. 15. The vertex function δΓ(Q;S)µν, αα1 is the ‘symmetric’ part of the HTL-induced vertex
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Figure 14: The soft-quark loop corrections to the elastic scattering of soft gluon elementary
excitation off the hard test parton drawn on Figs.1 and 2 in Ref. [6].
between quark pair and two gluons δΓ(Q)ab, ii1µν, αα1 . It is defined by Eq. (I.5.19). To the diagram
in parentheses in Fig. 15 there corresponds a term
∗Γ(Q)µ, αα1(q−q1; q1,−q)
∗Dµµ
′
(q−q1)
∫
∗Γµ′ν′λ′(q−q1,−k
′,−q+q1+k
′ ) ∗Dλ
′λ(q−q1−k
′ )vλ
× ∗Dν
′ν(k ′ )vν δ(v · k
′ )dk ′ δ(v · (q − q1)).
By virtue of a property of three-gluon HTL-vertex: ∗Γµµ1µ2(k, k1, k2) = −
∗Γµµ2µ1(k, k2, k1),
the integrand is odd function under the replacement of integration variable k ′ → q−q1−k
′
and therefore in integrating it is equal to zero.
Appendix F
In Section 9, considering a structure of the scattering probability w (f ; b)q→g we have faced with
contractions of the HTL-resummed vertex13 between quark pair and gluon ∗Γi(k; l,−q)
13In high-temperature QCD, under conditions when we can neglect by mass of medium constituents,
there is no (linear) Landau damping of on-shell soft excitations Fermi and Bose statistics. Consequence
of this fact is equality of the HTL-resummed two-quark– one-gluon vertices ∗Γ
(Q)
µ = ∗Γ
(G)
µ ≡ ∗Γµ, as it
is supposed in this Appendix.
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(≡ ∗Γi) with soft momentum ki of plasmon mode and the polarization vectors ei(kˆ, ξ) of
transverse soft-gluon mode. In this Appendix we give various forms of representations of
the vertex function ∗Γi, which have been actively used in Section 9.
From analysis of the explicit expression for the vertex ∗Γi derived by Frenkel and
Taylor (Eq. (3.38) in Ref. [16]), it is easy to see that this function can be presented in the
form of the expansion
∗Γ i = γ0δΓ i0 + (l · ~γ)
∗Γ i‖ + ((n× l) · ~γ)
∗Γ i⊥ + (n · ~γ)
∗Γ i1⊥, (F.1)
where l ≡ q− k, n ≡ q× k and the ‘scalar’ coefficient functions are defined as
δΓ i0 = ω
2
0
∫ dΩv
4π
vi
(v · l + iǫ)(v · q)
, ǫ→ +0 ,
∗Γ i‖ =
li
l2
+ δΓ i‖ ≡
li
l2
−
ω20
l2
∫
dΩv
4π
vi (v · l)
(v · l + iǫ)(v · q)
,
∗Γ i⊥ =
(n× l)i
n2l2
+ δΓ i⊥ ≡
(n× l)i
n2l2
−
ω20
n2 l2
∫
dΩv
4π
vi (v · (n× l))
(v · l + iǫ)(v · q)
,
∗Γ i1⊥ =
ni
n2
+ δΓ i1⊥ ≡
ni
n2
−
ω20
n2
∫ dΩv
4π
vi (v · n)
(v · l + iǫ)(v · q)
.
The matrix basis in expansion (F.1) is convenient by virtue of its ‘orthogonality’ in com-
puting traces. The ‘transverse’ vertex functions possess obvious properties:
li ∗Γ i⊥ = n
i ∗Γ i⊥ = 0,
ki ∗Γ i1⊥ = q
i ∗Γ i1⊥ = 0. (F.2)
However, in concrete applications it is considerably more convenient to use another rep-
resentation of the decomposition (F.1) [2]
∗Γi = −h−(ˆl)
∗Γ i+ − h+(ˆl)
∗Γ i− + 2h−(qˆ) l
2|q| ∗Γ i⊥ + (n · ~γ)
∗Γ i1⊥, (F.3)
where the ‘scalar’ vertex functions ∗Γ i± are connected with the previous ones by relations
∗Γ i± ≡ − δΓ
i
0 ∓ |l|
∗Γ i‖ +
n2
|q|
1
1∓ qˆ · lˆ
∗Γ i⊥ . (F.4)
The expansion (F.3) with the matrix h−(qˆ) in the last but one term is specially adapted
to studying of plasmino branch of fermion excitations. In the case of a branch describing
normal-particle excitations, instead of (F.3), (F.4) it is necessary to use the following
decomposition:
∗Γi = −h−(ˆl)
∗Γ´ i+ − h+(ˆl)
∗Γ´ i− − 2h+(qˆ) l
2|q| ∗Γ i⊥ + (n · ~γ)
∗Γ i1⊥, (F.5)
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where the ‘scalar’ vertex functions ∗Γ´ i± are defined as
∗Γ´ i± ≡ − δΓ
i
0 ∓ |l|
∗Γ i‖ −
n2
|q|
1
1± qˆ · lˆ
∗Γ i⊥ . (F.6)
In the paper [2] the system of kinetic equations describing a change of the plasmino
and plasmon number densities generated by induced scattering of plasmino (plasmon) off
the hard test particle with transition in plasmon (plasmino) has been also obtained:
∂n−q
∂t
+ v−q ·
∂n−q
∂x
= − g2CF n
−
q
∫
dkQ(q,k)N lk , (F.7)
∂N lk
∂t
+ vlk ·
∂N lk
∂x
= g2nfTFN
l
k
∫
dqQ(q,k)n−q . (F.8)
Here in the latter equation the factor nf accounts all kinematically accessible quark flavors.
The scattering kernel Q(q,k) has the following structure:
Q(q,k)=ω20
(
Zl(k)
2ωlk
)(
Z−(q)
2
)
k2
(ωlk)
2k2
∫
dΩv
4π
{
ρ+(v; qˆ, lˆ)w
+
v (q,k) + ρ−(v; qˆ, lˆ)w
−
v (q,k)
}
× 2πδ(ω−q − ω
l
k − v · (q− k)), (F.9)
where the coefficient functions ρ± are
ρ±(v; qˆ, lˆ) = 1 + v · qˆ∓ (qˆ · lˆ+ v · lˆ ) , (F.10)
the ‘scalar’ scattering probabilities w±v are defined by expressions
w±v (q,k) =
∣∣∣∣ v · kv · q + ∗∆±(l) ∗Γ±(k; l − q)
∣∣∣∣ 2
on−shell
, (F.11)
and ω20 = g
2CFT
2/8 is the plasma frequency of the quark sector of plasma excitations.
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